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Aluminum in the Environment and
Human Health

by John R. J. Sorenson,”* Irene R. Campbell,* Lloyd B.
Tepper,” and Robert D. Lingg*

The review of over 800 references on aluminum (Al published since the mid-fifties covers
the occurrence of Al in scil, air, water, plants and food products, as well as air and water pollu-
tion problems. In addition, the existing quality criteria, the biology and toxicology of Al, '
and the therapeutic and medical uses are presented. It is concluded that absorption and reten-
tion or accumulation of Al in humans occurs at lower levels of intake than had been assumed
formerly. However, levels of 5 to 50 times the normal daily intake do not appear to interfere
with other metabolic processes. The adverse effects of Al reported in the more recent years
resulted from the inhalation or ingestion of Al in concentrations many times greater than the
amounts present under normal circumstances. As in the past, there is still no need for con-
cern by the public or producers of Al or its products concerning hazards to human health de-

rived from well established and extensively used products.

Introduction

In 1957, several members of the Department
of Envircnmental Health of the University of
Cincinnati collaborated in a review of the hy-
gienic status of aluminum in the environment
of man (1). The review encompassed the history
of the development and use of metallic alumi-
num and of the principal aluminum salts,
the chemistry and analysis of aluminum in
various media, its natural occurrence in the
human environment, the uses and suitability
in the processing and storage of foods and
beverages, the concentrations encountered in
raw foods and those cooked or stored in alumi-
num ware, the fate of aluminum entering the
body by various routes (including toxicology),
and the medical uses. In the concluding and
summarizing remarks, R. A. Kehoe presented
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the following facts gleaned from the review as
to the important practical aspects of human
risk,

1. The quantities of aluminum which are re-
quired within the animal organism to induce
harmful effects are large as compared with those
found in the body tissues under the severest
conditions of ordinary or occupational exposure
to aluminum and its compounds or as com-
pared with the quantities of certain other
metals known to be dangerous.

2. Despite the abundance of aluminum com-
pounds in the earth’s crust and in the natural
environment, and despite the artificial increase
in the environment of modern man, the absorp-
tion of aluminum into the bodies of animals
and man occurs to only a slight extent.

3. The quantities of aluminum and its in-
organic compounds which are absorbed into the
body are independent, for all practical pur-
poses, of the quantities in the environment—
specifically, in the food and in the atmosphere.



Concerning the use of aluminum, he stated:
“There is no reason for concern, on the part
of the public or of the producer and distributor
of aluminum products, about hazards to human
health from well established and extensive,
current use of such products. Nor need there
be concern over the more extended uses which
would seem to be in the offing.”

In 1972, opportunity presented itself to survey
and evaluate the literature published since
1957 within the same scope as before and, in
view of the more recent emphasis on environ-
mental pollution, to add the air and water pollu-
tion aspects.

In harmony with the form in which aluminum
is present in the human environment, only the
element, in metallic or ionic form, and its in-
organic compounds are here considered, as they
had been in the earlier review. This, of course,
does not exclude such complexes or compounds
as may be formed after aluminum enters the
body or plant tissues, The arrangement of the
material follows closely that of the first publi-
cation, with some modifications or omissions
deemed to be appropriate.

Uses of Aluminum and of the Principal
Aluminum Compounds

In 1865, the master of imagination and in-
ventor of science fiction, Jules Verne (2) wove
a tale around the intrepid Professor Impey
Barbicane, president of the Baltimore Gun
Club, who proposed the building and sending
of a cylindroconical “projectile” made of alumi-
num to the moon as a project worthy of the
Club’s activities, The amazing thing about the
story is that he proposed aluminum as the
metal on the basis of the success of Henri Saint-
Clair-Deville’s producing it “in a solid mass”
in 1854 (about 40 yr before it became available
in commercial quantities through industrial
production), describing it as a metal “as white
as silver, as unchangeable as gold, as tough as
iron, as fusible as copper and as light as glass.”
To add to the fascinating story, the first manned
mission, preceded by an experimental launch
with a cat and squirrel in a small prototype
projectile, was ‘“‘blasted off”” by a huge cast
iron cannon at Stone Hill, Tampa, Florida, with
Barbicane and two fellow astronauts inside,

seconds before the latest meteorologically pre-
determined time, witnessed by 5 million people.

Jules Verne's fantasy has become a reality
within the last 16 yr when manned aerospace
explorations have taken place, in which alumi-
num has played a prominent rcle in its numer-
ous applications (3). The uses of aluminum
in all man-bearing craft, whether in various
altitudes of the strato- and troposphere, the
surfaces of the earth and moon, or to the ocean
floor, and in nuclear energy programs (4—7) are
many and need not be enumerated here. Suffice
it to say that wherever man dwells and works,
electrical equipment, furnishings, various ap-
pliances, implements and containers.

The amazing growth of applications of alumi-
num in the last 15 yr alone is well portrayed in
the statistics compiled by the Aluminum Asso-
ciation (8) which show 7850.4 million pounds
of domestic primary aluminum production in
1971 compared with 3295.4 in 1957, while pre-
liminary data on world production give 11,349,-
000 short tons in 1971 against 4,950,000 short
tons in 1960. Considering that large scale pro-
duction of aluminum became feasible only in
1886, and the first production data for 1893 in
the U.S. showed only 0.2 million pounds, the
growth rate through the years has been truly
phenomenal. As stated by Stamper of the Bu-
reau of Mines (3) the growth rate of aluminum
in recent years has been three times the com-
bined growth rate of all other metals, and, ex-
cept for steel, its use exceeds that of any other
primary metal. Further, an evaluation of pos-
sible technologic changes and social develop-
ments led to the prediction that by the year
2000 the total domestic requirements will be
between 22.4 and 44.4 million short tons, or an
increase of 5 to 10 times the 1968 level. The
worldwide increase is expected to be of the same
order of magnitude.

Aside from sheet, plate, foil, extruded, and
wire forms, aluminum in powder and particu-
late form are used widely in paints, pigments,
coatings, missile fuels, chemical explosives,
putties, ete. (4). In addition to its use in the
production of metallic aluminum, aluminum
oxide (AlQ,) or alumina in its various forms
(activated, hydrated, calcined, and tabular)
finds wide applications ranging from high
temperature-resistant refractories, ceramics,
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whiteware (10) to products reaching the imme-
diate environment of man, such as toothpastes,
dental amalgams (11), all sorts of prostheses,
cigarette filters (12), food additives, pharmaceu-
ticals, and cosmetics (4). Other compounds will
be mentioned in connection with the use of
aluminum compounds in food and water, and as
therapeutic agents.

Analytical Methods

An intractable chemical nature coupled with
the lack of specific reagents combine to make
aluminum (Al} one of the most difficult of the
commonly occurring elements to determine
chemically. Any sample taken from the environ-
ment will contain a wide range of inorganic sub-
stances, among which there will be present
almost always a metal ion or counterion to
cause interference effects. Therefore, separa-
tion, masking, critical control of pH, etc., must
be performed routinely during chemical anal-
yses for Al. Much effort has gone into making
chemical methods more reliable, but the results
have not always been campletely satisfactory.

Spectroscopic methods, such as emission,
nuclear, or atomic absorption, are more specific
for Al and overcome to a large extent the prob-
lem of interferences from the matrix. Emission
spectroscopy has been in use for a long time and
its specificity and sensitivity are weil docu-
mented, Within the past decade, neutron acti-
vation and atomic absorption techniques have
been developed to a high level of sensitivity and
specificity. With both of these methods, a mini-
mum of sample handling and preparation are
required. The cost of neutron activation equip-
ment is prohibitive for an average lahoratory,
but atomic absorption equipment is easily
within the means of the average laboratory and
can be expected in the future to enjoy a greatly
expanded application for determining Al in
environmental samples.

Separation and Preconcentration

Separating Al from interfering suhstances
remains a formidable chemical problem. There
are no known reagents specific for Al, so the
analyst must choose from a variety of reagents
and methods the one which best suits his needs.
This choice must be based on knowledge of the
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approximate amount of Al one expects to find
and the potential interfering substances. One
may choose to isolate the Al from the matrix
of the sample, or to selectively remove ions
which cause interference effects.

A basis for the choice of separation and pre-
concentration methods begins with a decision
on the analytical method to be used. The sen-
sitivity of the technique, methods of sample
preparation, and a list of possible interfer-
ences are recorded in the literature along with a
description of the procedure itself. In some
samples, Al can be determined in situ by
selective complexing of the interfering sub-
stances, careful control of pH, or employment
of compensating solutions. These are, however,
seldom satisfactory, and a separation method
involving precipitation, ion exchange, or ex-
traction must be employed prior to analysis.

The amounts of Al encountered in environ-
mental and biological samples range from semi-
micro to micro quantities. Precipitation can
be used to separate and preconcentrate Al:
semimicro amounts can be determined gravi-
metrically after precipitation (13), or for micro
amounts, emission spectroscopy of a precipi-
tated mixture is usually preferred (14, 15).
Oxine (8-hydroxyquinoline) is the favored rea-
gent for the separation and precipitation of Al
Precipitation can be made over a wide range
of pH, but quantitative separation from other
elements requires careful control of pH (13).
Since 8-hydroxyquinoline reacts with up to 30
elements, this reagent can be used for the pre-
liminary separation of interfering elements,
In the presence of Na tartrate and Na hydroxide,
Al will not be precipitated by 8-hydroxyquino-
line while other metal ions are quantitatively
removed (13).

Ion exchange can be used to separate and
preconcentrate trace quantities of Al. With
anion exchange, advantage is taken of the fact
that Al is not absorbed from hydrochloric acid
solutions, 9M or stronger, while the chloride
complexes of metal ions such as Fe™, Mn®™,
Co*, Ni**, Cu*, and Zn** are (16). Cation ex-
change can be used with HC1 as the eluting
agent for separating Al** from Na*, K* Mo*,
Ca®", and Fe** (17).

Extraction methods are capable of separating
micro amounts of Al. The same reagent favored



for precipitation, 8-hydroxyquinoline, is the re-
agent of choice for extraction, but because of the
broad spectrum of elements with which it com-
plexes, masking agents and pH control must
be properly manipulated to achieve separation
of the Al from the other ions. A colorimetric
determination of Al can be made by com-
plexing it with fluoride ion, removing inter-
fering ions by ion exchange and extraction,
then making the Al reactive to 8-hydroxy-
quinoline in chloroform, and measuring the
resulting complex photometrically (18).

In atomic absorption analysis, extraction
serves two purposes: it preconcentrates the Al
and the organic solvent increases the sensitivity
of the instrument (19).

Colorimetric and Fluorescence Methods

The colorimetric determination of Al is
based on the formation of strongly colored
lakes with certain organic reagents (20). Among
these, in approximate order of decreasing popu-
larity, are aluminon (21), Eriochrome Cyanine
R (22), Alizarin Red S ¢23) and hematoxylin
{24). Comparison studies (21,24) of these re-
agents favor aluminon, but no single one of
these is sufficiently superior to warrant ex-
clusion of the others. In most situations, the
choice of reagent is largely determined hy the
material to be analyzed because of the peculiar
properties of each reagent toward potential
interfering ions. Most notable among these
are Fe'*, F°, and PO, all of which may be
encountered at significant concentrations in
environmental samples. Some satisfactory
schemes employing masking, complexation, re-
duction, or extraction of the interfering ions
have been worked out (21,22). One rather
unorthodox approach for the elimination of the
Fe** interference involved the use of a new
colorimetric reagent, xylenol orange (25).

The nature of the complex between Al and
the lake-forming organic reagent is not fuily
understood. Therefore, when using these re-
agents, careful control of conditions affecting
lake formation, such as temperature and pH,
is required to insure reproducibility. With
organic solvents, some complexing agents form
a true solution chelate with Al: a complex is
formed between Al and 8-hydroxyquinoline

in chloroform and the resulting complex is
determined spectrophotometrically (18).

The most sensitive chemical methods for
determining Al are the fluorescence methods
(26). Reagents used for the fluorescent de-
tection of Al are Pontachrome Blue Black
R (27}, morin (28), 2,4-bis-[N,N’-di-(carboxy-
methyl)aminomethyl] fluorescein (29), and
8-hydroxyquinoline (18). Sensitivities in the
nanogram (ng) range can be obtained. A min-
imum detectable concentration of 2 ng/ml
has been reported (27) with the use of the re-
agent Pontachrome Blue Black R.

Unfortunately, the fluorescence techniques
are subject to the same interferences and
problems associated with the colorimetric pro-
cedures. The high sensitivity coupled with the
deleterious effect of minute traces of inter-
fering ions require that a complete analysis
for each sample type be worked out. In addition,
careful control of factors affecting the develop-
ment of the fluorescence are necessary in order
to obtain reproducible results.

Titrimetric Procedures

Titrimetric procedures for the determina-
tion of Al employ the versatile reagent
ethylenediaminetetraacetic acid (EDTA) (13,
30,31) or derivatives (32). These reagents
complex a large number of metal ions, so that
the formation constants of the complex with
each metal ion present will determine the need
for a prior separation step. If the formation
constants are sufficiently different, a stepwise
titration will be observed. The formation con-
stant for the Al complex is moderately high
(log K = 16.13 at 20°C), but the rate of
formation is slow. Therefore, back titration is
usually employed: excess EDTA is added, the
solution is boiled to form the EDTA complex,
and the noncomplexed EDTA is titrated with
another metal ion. The endpoint is determined
by using indicators or by potentiometry (33).

Emission Spectroscopy
Emission spectroscopy is a sensitive and
specific method for the determination of Al

in almost any type of material {34—37}. Prepa-
ration and manipulation of the sample are kept
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to a minimum to reduce the possihility of
contamination that is often encountered in
other procedures. Direct reading spectrographs
are now used in place of the time-consuming
photographic plate method (534,35). Absolute
detection limits of 107 to 107 g are regularly
reported for Al (233537} (absolute detection
limits meaning minimum detectable amounts
introduced to arc).

Most determinations involve multielement
analyses, so that the conditions which optimize
Al may not always be realized. With some
samples, a chemical separation may be neces-
sary because of matrix effects. A statistical
study of multielement analysis by emission
spectroscopy showed somewhat less precision
for Al than by the chemical methods (38).

Atomic Absorption

Al can be determined in aqueous solution
with a sensitivity of 1 ug/ml/1% absorption by
atomic absorption spectrophotometry by using
a nitrous oxide acetylene flame (39). The
method is specific, and interferences are few,
but the flame conditions and position are
critical (40,41). Addition of miscible organic
solvents to the aqueous solution or chelation-
extraction into immiscible organic solvents
results in a significant improvement in sensi-
tivity. Using benzene as the organic phase, a
sensitivity of 0.01 ug/ml/1% absorption has been
claimed (42},

When determining Al in biological mate-
rials, it is best for the analyst to make a study
of interference effects from the common ions
encountered in these materials, especially Na”*
(43). Also, the wide distribution of Al requires
that- care be exercised in the choice of ashing
vessels and control of blanks when preparing
samples for analysis by atomic absorption.
Because of the relative simplicity of the tech-
nique, one can expect analysis of Al by atomic
absorption to be more widely used for bio-
logical and environmental samples, especially
if the extraction procedures receive more
development.

Neutron Activation

Neutron activation analysis (NAA) is the
most sensitive analytical technigque available
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for determining Al. Activation of Al occurs
by a (n,¥ ) reaction which produces the very
active *Al nuclide with a half life of 2.3 min.
Under interference-free  conditions, only
0.004 ug of the element is required to be pres-
ent in the sample in order to be detected.

For some samples, NAA can be used as a
direct instrumental technique requiring no
sample preparation or destruction. This tech-
nique has been particularly well suited for
air filter samples, where as littie as 0.04 ug of
Al has been detected on filters containing up
to 33 elements (44~46). Unfortunately, trace
Al determination in biological samples having
high P levels requires a preirradiation separa-
tion step (47,48). The high-energy neutrons
required for trace analysis induce nuclear
transformations which result in the production
of the active nuclide #Al from *P.

Tweo important developments in equipment
technology have made possible the accurate de-
termination of Al by NAA: (1) rapid sample-
handling equipment enables the short-lived nu-
clide #Al to be delivered to the counting device
before appreciable loss in activity is observed;
{(2) the high background or continuum observed
when counting +y-rays with scintillation
counters, which is particularly bothersome in
*#Al counting, has been nearly eliminated with
the introduction of high resolution lithium-
drifted germanium [Ge(Li)] y-ray detectors.

X-Ray Fluorescence

Little use has been made of x-ray fluores-
cence for the determination of Al in environ-
mental and biological samples. The cutstand-
ing advantages of this technique are simple
sample preparation and nondestruction of
material. The lighter elements are not the
most amenable to x-ray techniques and Al is no
exception: a sensitivity of 0.002% w/w can be ob-
tained, a relatively high valué when speaking of
trace element determinations. Interelement ef-
fects cause an interference if mass absorption
coefficients vary by more than 5%, but can be
compensated by proper calibration,

Plant and fecal materials have been analyzed
for 0.01 to 1% Al content using x-ray fluores-
cence. A comparison with chemical tests for Al
showed the results of the latter were inconsis-
tent with the x-ray fluorescence values, while re-



sults between the two methods for most other ",
light elements were consistent. It is believed
that this inconstancy reflects the difficulties en-
countered in the chemical methods rather than
the opposite (49).

Polarographic Methods

The half-wave potential of Al ion is ~1.75 V
versus the standard calomel electrode (SCE),
too close to the discharge potentials of alkali
metals and alkaline earths for satisfactory de-
velopment of the Al wave if these icns are
present in appreciable concentrations. The re-
duction wave of hydrogen ion just precedes that
of Al, although satisfactory curves can be ab-
tained if the hydrogen ion concentration. does
not exceed Al (13),

An approach to the problem of determining
Al polarographically is based on a change in the
reduction wave of certain organic dyes such as
Pontachrome Violet 3.W. {50). This reagent in
an acetate buffer produces a wave at —0.3 V ver-
sus the SCE, but in the presence of Al the step
is reduced in height and a second step, propor-
tional in length to the concentration of Al,
appears at —0.5 V. This method suffers from
interferences by several metal ions (51).

Applications of the polarographic methods
for the determination of Al in environmental
media are relatively few. A level of 0.1 ug Al/ml
was determined in water using cathode ray
polarography with the dye Pontachrome Violet
S.W. (52).

QOccurrence of Aluminum in the Environment
Aluminum in Soil and Plants

In view of the abundance of Al in the earth’s
crust (8.13%) (53), its presence in all soils,
though in greatly varying amounts, can be taken
for granted. For example, as shown in the earlier
review, concentrations as high as 265,449 ug/g
were found in Virginia subsoils {54). In a recent
geochemical survey of vegetation in Missouri
{55), the scils from six vegetation-type areas
had alumina contents of 2.8—11% (4829—58,201
ue Al/g), and certain soils in Hawaii were
found to contain as much as 15—60% alumina
'(79,365—317,460 g Alg) (56). The literature re-

flects a great deal of continuing research on the
forms in which Al occurs in soil and on its reac-
tions and interactions with other elements.
Since the solubility of Al is in large part deter-
mined by the acidity of the soil which, together
with high Al content, is detrimental to the
growth of many plants, much work has. been
done to modify such soils by the addition of cer-
tain elements or fertilizers. McLean (57) sum-
marized in 1965 the role of Al in soil as a
preface to his evaluation of the methods of its
analysis by stating that the status of Al in acid
soil is significant and that in fact in many if not
most soils the entire soil acidity component of
importance in liming practices appears to be
Al. There i8 no need to add more to the earlier
review, for the presence of Al in soil in excessive
quantities and toxicity in plants belong in the
field of agronomy.

Consonant with growing interest in the con-
tent of trace elements in the environment of
man, Al has been included ameng analyses of
plant materials of various types for the uptake
of these elements from soil and distribution in
the various parts of plants. Examples of such
studies are; extractability of elements from soils
{58); effect of soil pH (59); seasonal variations
(60); effect of physical properties of soil (temper-
ature, compaction, moisture) (61); effect of fer-
tilizers (62). To point out analytical errors
attributable to contamination of plant tissues
which ordinarily contain Al in the order of a
few micrograms per gram in contrast to the
generally more than 10% in soil, Webber (63)
performed analyses on washed and unwashed
oats grown in the field and cereals grown in a
growth cabinet, which were contaminated ex-
perimentally with montmorillonite clay. Wash-
ing (with 0.3% Alconox) reduced the Al con-
centrations in field-grown oats from 20.5
and 36.0 ug/g found at ignitiori temperatures
of 500 and 1000°C, respectively, to 5.67 and
6.61 ug/g; in the contaminated oats, soybeans,
and buckwheat grown in the cabinet, the re-
spective concentrations dropped from 194.9,
72.4, and 3136.7 ug/g to 7.8, 11.2 and 2299.7
uglg.

The occurrence and distribution of Al in
food plants is discussed further below.

Along with numerous investigations on the
effects of soilborne Al, either alone or with
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other elements, on plant growth, there have
been additional reports on the role of Al as a
“micronutrient” for certain plants: vine grafis
(64), corn (65), Chlorella vulgaris (66); in
reversing lime chlorosis (67), and in increasing
resistance of plants to salts {68). The accumuia-
tion of Al in certain plants (the so-called
“accumulators” containing more than 1000
ug/g of soluble Al) was reviewed by Harris (69}
who pointed to the wide range of tolerance to
Al of 16 of the main species of climax flora in
the British Guiana coastlands. Other reported
accumulators are: six species of lycopods in
which topochemical detection revealed up to
19.5% Al in ash (70); 13 of 23 species (grasses
and orchids) growing in Hawaii on highly
leached latosol soil of low pH with high Al
content (up to 60% ALQ, which contained
more than 1000 and up to 16,000 ug/g of dry
matter (56). Oke (71,72}, who had analyzed
the Al content of numerous food plants in
Nigeria, found 1659 and 765 ug/g, respectively,
in the nonedible and partly edible portions of
Corchorus olitorius and 1300 ug/g in mush-
rooms. No sign of Injury was evident during
harvest, leading the author to conclude that
the plants had developed a high resistance to
Al. In addition, Gorsline et al. (73) observed
genetic control of the concentrations of a num-
ber of metals, including Al, and B in the ear
leaf of corn, with some degree of environ-
mental influence. In the case of Al, a genetic
correlation with Fe was found.

Aluminum in the Atmosphere and Atmo-
spheric Precipitations

In spite of mounting concern over air pollu-

- tion, particularly since around the mid-sixties,
relatively few investigations have included Al in
atmospheric surveys. As the foremost example of
this in the U.S., the National Air Sampling
Network survey reports, begun in 1953, do not
mention Al. This may be accountable by what
has been said in the 1957 review (1): Al is the
most widely distributed metallic element in the
earth’s crust and its presence in airborne partic-
ulate matter may, to a certain extent, be taken
for granted as a conseqguence of its occurrence in
soil. The data reported are not representative of
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the average concentrations generally inhaled by
man, becausé the amount of dust present in the
air may vary greatly depending upon meteoro-
logic conditions, extent and nature of vehlcular
traffic; location of the sampling site (paved or
unpaved roads) as well as on the type of
samples, whether they represent settled dust, in
which case the large and therefore nonresplrable
particles are collected, or whether they represent
~nly that portion of the suspended matter Wthh
has physiologic significance.

Nonetheless, more investigations since 1957
have included Al than had been found earlier.
This, in turn, may be explained in part by the
development of newer analytical methods, par-
ticularly neutron activation, capable of deter-
mining nanogram quantities of pollutants in air
and other media. The determination of pol-
lutants in atmospheric precipitations is of more
recent interest. The concentrations of Al in air
and in atmospheric precipitations included in
such reports as could be seen in the original, and
in some published abstracts when the original
was not obtainable, are shown in-Tables 1 and 2,
together with concentrations of Si, next to oxy-
gen the most abundant element in the- earth’s
crust, and Fe, the next most abundant metal.

Two of the reports concern entirely the
“natural” concentrations of a number of ele-
ments, including Al. Poetzl (74) analyzed aero-
s0l samples collected at a mountain station
(1800 m altitude) near Garmisch-Partenkirchen
and found Al to range from 0.09 to 0.18 "ug/m®
Hoftman et al. (75} included determination of Al
with Na, Cu, and V, in the particulates of the
lower atmosphere between California and
Hawaii, one station being a 20-m’high tower on
the windward coast of Hawaii, the other a ship
in the Pacific Ocean. The results showed the
Na/Cu, Na/V, and Na/Al ratios for seawater to
he considerably greater than-those for the par-
ticulate matter, indicating a nonmarine source
for Al, Cu, and V, and the source of Al
{(0.005-0.032 pg/m’) to be dust from the
weathering of aluminosilicate crustal material.

The other reports point to differences in con-
centrations of various elements between rela-
tively nonpolluted areas and those subjected to
man-made pollution (see also Air Pollution):
Keane et al. {76) compared their results on daily
samples from Salford, England, with those of



Table 1. Concentrations of aluminum, silicon, and iren in the atmosphere.”

Al S, Fe,
Jg/m’ pg/m’ ug/m' Reference
Canada
Alberta, Jasper Natl, Park 0.13-0.23 — 0.13-0.28 (84)
Manitoba, Riding Mt. Natl. Park 0.27-0.39 — 0.22—0.36 (84)
N.W. Twin Gorges Hydroelec. Proj. 0.04—0.10 — 0.05-0.11 (84}
Summer 0.17% -— 0.01° (84)
Winter 0.04P — 0.81° (84)
Ontario, Algonguin Prov, Park 0.19-0.28 -— 0.25—0.38 (84}
Summer : 0.24b — 0.23b (84)
Winter 0.250 — 030" (84}
Saskatchewan, Prince Albert Natl. Park 0.12--0.23 — 0.09-0.28 (84)
German Federal Republic
Wank Mt. nr. Garmisch-Partenkirchen 0.09-0.18¢ 0.11-050°¢ 0.04-0.15°¢ {74)
Industrial areas
. Tron works, at 300 m .46 7.384d 11.19d (112
Pumice works, at 800 m 3.76 ¢ 7944 5,114 (112)
Cement, kaolin works, at 400 m 5.504 36.44% — (112)
Cement, kaolin works, at 300 m 7.41—14.294 14.95—73.824 6,714 (112)
Cement, kaolin works, at 200 m 67734 94.84¢ - (112)
Chalk works, at 30 m 42.864 64.474 18.184 (112}
Munster, residential city 5.29-10.58¢ 14,02°¢ 2.45--10.45°¢ (81)
Oberhausen, industrial city, residential area 1.06—12.43°¢ 1.40~35.04° =31.47¢ (82)
Italy
Pavia, summer 0.86 — — {730)
Pavia, winter 0.07 — — (730)
Japan
Osaka 1.60—6.20 — 3.90-12.90 (731)
Keivo, industrial area 2.34~12.69 —-— 0.90-12.50 (732}
Union of Soviet Socialist Republics
Leningrad 6.33-12.20° — 3.30—13.08°¢ (733)
Over peeans
N. hemisphere 0.12° — 0.18¢ (734)
5. hemisphere 0.01% — 0.01° (734)
United Kingdom
Chilton 0.15—-0.25 — — {76)
Lerwick 0.06—0.11 — — (76)
Milford Haven 0.05 — — {76)
Saltord, industrial city 0.88 — - (76)
United States
Hawaii. at 20 m altitude 0.005—-0.032 — — (75)
lllinois, Chicago, metropolitan 0.48-3.20 — — (735)
Indiana, E. Chicago 2.18b — 13.80b (46)
Central Fire Station 0.96P — 2.10b (84)
Markstown Park 1.00° — 2,250 (84)
Hammond, Gary Whiting 1.38-3.10 — 1.42—-13.00 (736)
Massachusetts, Camhridge 0.15-2.50 — 1.00 {44)
Michigan ‘ -
Ann Arbor 0.57-0.70 — 1.20-130 (84)
Mackinac Island 0.14-0.22 — 0.39-0.57 (84}
Summer | 0250 — 0.24P (84)
Winter 0.18" — 0.25" (84)
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Table 1. Concentration of aluminum, silicon, and iron in the atmosphere. (Continued)
Al, 8i, Fe,
ug/m? ug/m? pg/m? Reference
United States (cont.) '
Niles 1.20° — 1.90° (46)
rural area, diurnal variations. 0.65—2.90 — <0.60—-3.00 {737}
Missouri, Columbia 1.30-1.58 — 0.70—1.10 {738)
0.47-1.26 — — (739)
New York
Bayside 0.30—1.20 0.20-3.00 — (740)
Buffalo 1.00-8.00 — 0.10—-12.64 (45)
New York, metropolitan 20480 4,847 2.98%b (83)
Ohin, Cincinnati, industrial area 0.33-3.1 — — (739)
2 Neutron activation analysis unless otherwise indicated.
b Means.
¢ Colorimetry.
¢Method not stated.
¢ Emission spectroscopy.
Table 2, Concentrations of aluminum, silicon, and iron in atmospheric precipitations.
Al, Si, Fe,
pg/ml fMg/ml pg/ml Reference
Rain
Canada, 8.E. Ontario 0.52-1.12° 0.00-0.26" 0.13—-1.80° (87)
Uganda, Kampala 0.04° — 0.06° {88)
Union of Soviet Socialist Republics N
Crimea, soluble 0.013™° — 0.009b¢ {86)
Crimea, insofuble 0.27P¢ — 0.64 b (86)
Otkaznen reservoir 0.002-0.044" — 0.001—0.031% (741)
United States .
Florida, nr. Ona 0.00—0.90¢ — 0.00—-0.134 (143)
New Hampshire, Hubbard Brook £0.10¢ 0.10" — (742)
Ice
Greenland 0.017° — — (9l)
Snow
Canada, S.E, Ontario 0.07-1.302 0.00" 0.12-2.70% (87)
United States )
Maine, Beddington 0.03—0.07% 0.14—0.47% — (743)
Sierra Nevada, N. 0.00—1,20° 0.00—-7.94° 0.00—3.1° (744}
2 Colorimetry.
b Spectroscopy.
¢ Means.
“ Atomic absorption spectrophotometry.
¢ Method not stated.
August 1974 11



sampies collected and analyzed over periods of
several months in Chilton, Lerwick, and Milford
Haven with relatively little pollution. The Sal-
ford concentrations were 2—10 times those from
Chilton (local pollution apparently limited to
the nearby incinerator at the Atomic Energy
Research Establishment at Harwell). Similar
differences were also indicated for industrial
areas of Pecs, Miscolc, and Gyor in Hungary
(77, 78) where Si0,, Fe, and Al particles con-
stituted more than 10% of the settled dust, and
those of Tokyo—Yokohama and two other cities
in Japan, where alumina was among the
“medium” components and Al content was
6—8% larger near industrial plants (79, 80).
In Germany, Einbrodt et al, (81} found that in
an essentially residential city the total dust
content seldom exceeded 150 pg/m?, 15.3% of
which was 8i0, 6-12% Al,0,, and 3-10%
Fe,0,. In the residential section of an industrial
city (82), the total dust content ranged from
100 to 460 ug/m®. The contribution of AL,Q, and
Si0, did not differ much from the above, being
8.5—24 and 3—12%, respectively, but the Fe,0,
content was considerably higher, 6—23%. In an
analysis of 10 elements in suspended particulate
matter in metropolitan New York, Morrow and
Brief (83) observed that Al, Ca, S1, and Mg cor-
related with each other. This led them to con-
clude that even at relatively urban sampling
locations these elements are of mineralogic ori-
gin and that their relative proportions agree well
with those in the total lithosphere.

In the aim of assessing the impact of distant
aerosol sources on the trace element composi-
tion of surface air in remote regions of North
America, Rahn (84) determined some 30 ele-
ments on Mackinac Island and several sites in
Canadian parks to represent areas remote from
man-made pollution, in Niles and Ann Arbor,
Michigan, as semiurban and intermediate sites,
and in East Chicago, Indiana, as an industrial-
ized site. Al was one of the elements associated
with the larger aerosol particles which appeared
to have soil and soil dust as their main source,
particularly in the remote locations. The con-
centrations found are shown in Table 1. It was
interesting to note that the geometric mean of
Al concentrations for all stations (25) was
1.95 ug/m® for the industrialized sites 1.85,
and for the semirural 2.00 pgg/m’. Oniy one re-
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port was found which showed the Al content
(among 13 metals) of plants growing in an urban
area. Smith (83) analyzed washed leaves and
twigs of the previous year's growth of six tree
species in New Haven, Connecticut, to evaluate
the potential effect of pollutants on plant health.
Al contents were among the “slightly above
normal’ amounts, the means ranging from 122 to
702 ug/g dry weight basis. Except for the Nor-
way spruce, where higher concentrations oc-
curred in the twigs (342 ug/g), Al was higher in
the leaves, and the highest levels were found in
the leaves of the pin oak, Norway maple, and
eastern hemlock. Analyses performed on sugar
maple (leaves and twigs together), growing in
remote sections of northern New Hampshire and
Vermont gave Al content of 360-702 ug/g (vs.
the urban mean of 179 ug/g in leaves and 122 in
twigs).

As concerns atmospheriec precipitations,
Belyaev (86) found that concentrations of Ni,
Cu, V, Mo, Ti, Al, Fe, and Mn in rain over the
southern shore of Crimea were approximately
the same as in the surface waters of the Black
Sea (mean of soluble Al in rain was 0,013 ug/ml
and in seawater, 0.015 ug/ml). However, in-
soluble suspended particles constituted more
than 70% of the metal content in precipitations
(Al, 0.267 ug/ml}. A correlation of 810, and Al
contents in precipitations with those of surface
waters was found by Rutherford in southeastern
Ontario (87). Comparison of various con-
stituents in rainwater in Kampala, Uganda (Al
content of (.04 wg/ml}, with water mixed with
dust (0.27 ug/ml), and Lake Victoria water
(< 0.001 pg/ml) led the author (88) to conclude
that Al, N (both NH, and NQ,), and Ca are de-
rived from dust. The influence of urban pollu-
tion on the trace element content of dusts and
ratn is evidenced in Schroll’s data (89). In a total
of 5.03 g/m*mo precipitates over Vienna, he
found 6.2% AlO, (311.9 mg Al/m? and in a total
of 2.86 g/m¥mo precipitates over noncontami-
nated Vienna Woods (Wienerwaid), 2.28% AlO,
(65.2 mg Al/m?. In an analysis of the chemical
composition of precipitations in the Leningrad
vicinity, Al, Fe, Mg, P, Na, and K were present
to the extent of several per cent, while both Si
and Ca exceeded 10% (90). Finally, in a search
for Al and “Be in Greenland ice, production
of which is attributed to cosmic rays in the
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atmosphere, 0.017 ug Al/ml was found in the ice
water (91).

Industrial: In spite of the fact that the ac-
cusing finger of environmentalists has been
pointed long and, seemingly, more frequently at
the aluminum industry than at any other metal-
lurgic industry or other industries using Al-
bearing minerals in their processes, the reason
for concern has not been the release into the
air of Al per se, but of other substances such
as SO, (92), tars (93) and particularly fluorides.
The latter evolve from the use of cryolite
(Na,AlF,), natural or synthetic, as a flux in the
electrolytic reduction of alumina to aluminum.
The fluoride problem has long been recognized
and has been met by the aluminum industry
with constant research toward improved control
of effluents, particularly in the past 25 yr or so.
The costs of this are enormous, and had been es-
timated by Rothman in 1966 (94} to represent
12—15% of the total cost of an aluminum pro-
duction unit. With the enactment of the latest
amendment to the Clean Air Act in 1970 (95),
these costs will be higher. This was recently indi-
cated in a report of a systems analysis applied to
the entire U.S. aluminum production industry of
expected costs for overall upgrading the control
efficiency from the present 74% to 92%. By ap-
plying the bhest demonsirated control tech-
nology, the invested industry capital would in-
crease from $51 to $175 per capacity ton and
would raise the industry’s operating cost of
pollution control from $13 to $43 per ton of
aluminum produced at capacity (96). That F
emissions are still a problem is evidenced by the
priority for issuing quality criteria suggested in
a report. of the Committee on Public Works, U.S.
Senate (97), and the fact that the first evalu-
ative report by the National Research Council
Committee on Biologic Effects of Atmospheric
Pollutants (98) concerned fluorides. The world-
wide literature on the bioclogical and related
aspects of F has heen followed in our Depart-
ment for many years {99). It has heen striking to
find but very few publications in which Al com-
pounds not associated with F were reported
among the effluents of aluminum industries,
and none showed the Al content in the sur-
rounding area {air or vegetation), in spite of the
fact that Al,O, is used as the chief component of
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the aluminum production process. To be sure,
ALO, may be considered as one of the com-
penents of total particulate effluents which soen
settle on the ground. For instance, in a recent re-
port on the size distribution of particulates
emitted from aluminum reduction cells for the
purpose of F analyses, the mass mean diameter
was 5.5 u with a standard geometric deviation
of 25; ahout 509 particulate F compounds by
weight were more than 13x diameter and less
than 10% of the total particulate sample by
weight was F (100). One report (101} claims Al
to constitute about 13% of the fallout from a pri-
mary aluminum plant, principally as ALO,,
AlF,, and 3NaF-AlF,; another report estimates
about 2Y% from a secondary plant (102), In an
investigation of the F problem, aerosol concen-
trations within a 2-km radius of an aluminum
factory averaged 1.23—5.49 mg/m®, depending
on the distance from the plant (103). However,
the percentage contents of only SiQ,, organic
substances, and F are given.

In the production of primary aluminum,
acidic dense white plumes of hydrogen chloride
and chlorine, AICl, and Al,O, have posed a cor-
rosion problem. These materials arise during the
fluxing of the molten metal periodically with
chlorine to separate impurities from the metal.
In a report describing a control system for this
process (104, the particulates in the plume are
stated to be a combination of AICI, and Al,C,,
mainly the latter, which may amount to 2.0—
20.0 grains/standard ft* during the chlorination
period.

In a paper presented at the Second Interna-
tional Clean Air Congress on recent develop-
ments in the control of air pollution from
aluminum smelters in the U.S., Rossano (105}
describes a new system developed by the Alumi-
num Company of America for treating gaseous
and particulate F compounds from reduction
cells. The bhasic method consists of chemi-
sorption of HF on Al,O, and subsequent removal
of the sorhed F by a fabric collector. Particulate
F compounds are removed by simple filtration in
the same collection system. In addition to its
high pollution control performance, advantages
include absence of a contaminated liquid stream
or solid waste disposal problem, and reuse of
spent AlLO, from the collector system as feed
material for the pots; the sorbed F helps main-
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tain the required F level in the molten bath. The
process, Alcoa 398, also described by Cook et al.
f106) is reported to recover 99% of the treated
gases. A recent compilation by the Environ-
mental Protection Agency of air pollutant emis-
sion factors from various industrial and other
sources {107) includes primary and secondary
aluminum processes which are given a rating of
“ahove average.” Aside from particulate and
gaseous F compounds, Al,O, and carbon particu-
lates are mentioned as emissions from the
primary processes. It is stated that extensive
controls are applied to collect the vast amounts
of dust generated in the calcining of AI(OH), for
the production of Al,O, because of the value of
these dusts.

Several reports have noted the presence of
ALO, in emisgions from industries other than
aluminum, such as iron foundries (Al,O, pre-
sent to the extent of 0.05—17.50% by weight)
(108, 109); cement works [2.49—7.38% (110);
3.97% of total dust content of 300—600 ug/m?
at a distance of 400 m and 4.20% at 1000 m
from plant (111)]. Poetzi and Reiter (112) de-
termined the AL,O, content in the atmosphere,
along with SiQ, Fe 0, and CaQ at various
distances from various factories (cement, pum-
ice, kaolin, iron foundry) and in a fluorspar
mine, as sources of exposure. The primary pur-
pose of this study was the development of a
four-stage cascade impactor as a model of
pulmonary retention of particulates. The re-
sults are included in Table 1. Determination of
Al was included in an investigation in the
U.S.S.R. of the content of nine elements in
the discharges of metallurgical and coke plants
and their contents in the foliage of several
tree species at distances up to 7 km from the
industrial center (113). The Al content of the
dusts collected from the horizontal flue in
the open-hearth refining process amounted to
15.27% of ash, The content of Al in leaves of
trees at 1 km distance-from the center ranged
from 0.0164-0.3773% dry weight; at 7 km,
0.0400—0.529%, depending upon the month of
sampling and the species; the control trees
at 36 km distance contained 0.0291—0.1956%
Al. Total ash content was 7.1~16, 5.2—13.10,
and 5.4—11.9%, respectively.

Among both industrial and domestic sources
of air pollution, the regular presence of AlC,
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in fly ash must be borne in mind. This was
mentioned in a recent pubiication (7{4) as an
example of “classical poliutants,” and pointed
out in the earlier review (!) for areas where
coal is burned. There, the Al,0, content of
coal ash was shown to be 53-52.3% (Al
28,042—276,719 ug/g). The high content of
AlLO, and, for that matter of SiQ, and Fe ox-
ides, was confirmed by Rees and Sidrak (115)
who found Al,O, to constitute 15.5—29.34%
(82,010-155,238 ug/g Al), Si0, 43.40—-51.8%,
ferric oxide 8.25% and ferrous oxide 5.96% of
the ash produced after combustion of pulver-
ized coal. In Germany, fly ash containing Al
and Si is recovered from power plants as a
valuable material and sold to the U.S. (116).
Recent atomic absorption spectrophotometric
analyses of the metal content of Pennsylvania
and Utah coal gave Al concentrations of 24,500
and 29,900 pg/g, respectively (117).

Automotive Exhausts: In a publication
pointing to lead as a noxious pollutant, QOel-
schlaeger (1]8) reported the content of 26 trace
elements in automohile emissions; the Al con-
tent was 35 mg/kg of dust-form exhaust. In
grass growing along the Echterdingen airport
expressway, the Al content was 0.002 ug/e
higher than the normal mean of 120 ug/g indi-
cating therefore no change,

“Self-pollution’’: An example of this type
of human exposure, the Al content (among 13
metals) in tobacco and smoke became avail-
able through Cogbill and Hobbs' publication
(119). In tobacco per cigarette, Al ranged from
630 to 930 ug; in smoke, and average of 0.02 ug,
and per puff, 0.002 ug were found.

Occupational Exposure: Concentrations of
Al in workroom air also seem to be rarely
reported, particularly in the aluminum plants
where the F compounds constitute the major
hazard to workmen, along with tars (120, 121).
Publications which included interpretable fig-
ures as to the presence in the air of Al and its
compounds indicate the following orders of
magnitude of exposure; Aluminum alloy cast-
ing (122), maximum total dust 27.00 mg/m?
(mostly Al); aluminum powder factory (123),
total dust (two sites) 0.94 and 1.46 mg/m® (Al
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71 and 60%); respirable fraction 0.24 and (.38
mg/m® (Al 48 and 429%); same type of factory
(124), total respirable dust, mean of 95.00
mg/m® (81.4% Al, 17% Al hydroxide and ox-
ide); alumina manufacture (125), dust, means
of 3.6—76.2 mg/m?* alumina unloading from
ships (126), 139.9~777.1 mg Al,0/m® white
synthetic corundum manufacture (127), total
dust (AlLO, 8iO, Fe,0, Na,0) 55.00-75.00
mg/m®; synthetic lJeather manufacture (128),
30.00 mg Al/m?® 24.10 mg kaolin/m?® The par-
ticle size distribution of Al,O, in . aerosols
formed during welding of aluminum has also
been studied (129).

Air Quality Criteria (Permissible Concen-
trations, Threshold Limz'_t Values): Because
of growing concern, particularly since the mid-
sixties, with the human. environment and
effect of pollutants in the atmosphere to which
the general and working population is ex-
posed, the Clean Air Act (U.S. Congress, 42nd
1857 et seq.) has been amended several times
in the past decade: in 1963, 1965, 1966, 1967
[also cited as the Air Quality Act (Public Law
90-148)) and 1970 (Public Law 91-604) (95).
Another important one, the Occupational
Safety and Health Act of 1970 (130) has come
into effect. In 1970, in anticipation of the
latter Act, Hosey of the Bureau of Occupa-
tional Safety and Health (now National
Institute for Occupational Safety and Health)
published the priorities for developing criteria
for “breathing air” standards and described
the methods used for establishing these pri-
orities based on ratings by the Bureau solicited
from 10 state occupational health programs and
20 hygienists ® of private industries (731).
Aluminum and ' its’ compounds, for which
criteria have not yet been set, appear in group
11 of a total of 19 priority groups.

The existing threshold limit values (TL.V) or
maximum permissible concentrations (MPC})
are as follows: ambient air, U.S., none estab-
lished; U.S8.8.R., not listed -per se, if considered
as a “nontoxic dust,” MPC for onetime expo-
sure in populated areas, 0.5 mg/m® and for
mean diurnal exposure, 0.15.mg/m® (132);
workroom air, U.S., alundum or corundum
(Al,O,) and kaolin listed under “nuisance
particulates’” (when toxic limpurities are not
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present, e.g., quartz <1%} TLV 10 mg/m? (133).
In the other countries including Al-containing
compounds and alloys in their MPC’s (Argen-
tina, Bulgaria, Finland, Japan, Romania,
U.S.S.R., Yugoslavia), these range from 2
mg/m® (Japan, Romania, U.S.S.R.) to 6 mg/m?
(U.S.SR. for ALQ, in the form of disinte-
gration aerosols), and 1750 particles/cm’ (Fin-
land, Yugoslavia) (134, 135),

Aluminum in Waters

In summarizing the sources and chemistry
of Al in natural waters, Hem (136) observes
that this, the most abundant metallic element,
is highly resistant to removal from minerals
by solution during weathering and remains be-
hind persistently in the process of rock
decomposition to form the clay minerals in
soils and the greater part of shales and simi-
lar hydrolyzate sediments. As was stated in
the earlier review (1), the concentrations of
Al in most natural waters are negligible. Only
in waters where a pH below 5 is maintained
can Al be present in large amounts ( >100 ug/
ml). This condition may occur from industrial
wastes, mine drainage, or natural phenomena
such as in acid spring waters, mires, and
volcanic regions. A relationhsip among pH,
trace element content, and rate of water
movement was also found. Sparling (1.37) noted
that Al ions change appreciably in concen-
tration within the pH range of 4.1-7.0 and
are widespread in mires where low pH pre-
vails because of low water movement; with
faster rates of movement, the pH is increased,
The trivalent Al ions are almost insoluble at
pH above 5.5. The theoretical maximum con-
centration of Al at pH 4.7 is about 1 ug/ml
and at pH 4, about 5 pg/ml. Toth (138) also
found that in general the reduced water flows
in summer had a tendency to increase the
content of the minor elemerits in New Jersey
waterways.,

The Federal Water Pollution Control Act of
1956 has provided for a comprehensive pro-
gram to prevent and control water pollution
(139). This surveillance of surface waters went
into effect on October 1, 1957, and encom-
passed the spectroscopic determination of 19
trace metals including Al. As shown in the
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latest report, covering a 5-yr summary of the
analyses of these metals in rivers and lakes of
the U.S. from October 1962 through Septem-
ber 1967, Kopp and Kroner (139) performed
1464 analyses for Alin a total of 1577 samples
collected at 130 locations with 456 positive
occurrences -at. an overall frequency of detec-
tion of 31%. Soluble ‘Al 'was found in concen-
trations ranging from 1 to 2 760" 1 g/m! (mean
0:074). The . highest - concentration was ‘a
single occurterice in the Yellowstone River near
Sidney, Montana. In 1967 the same- authors
(140) reported :results of a. study that in-
cluded concentrations of elements suspended
in-natural waters, thus measuring the total
trace element .logd in’ addition to concen’
trations' ‘found in solution.” The latter are
ordinarily reported on the assumptlon that any
suspended material’ would ‘be removed be-
fore the water reached the consumer. In the
rivers under- study (Monongahela, Delaware,
Allegheny, Kanawha "Ohio), except for the
Monongahela which’ contained 0.030—1.875 g/
ml dissolved Al and 0.003~0.442 ug/ml sus-
pended Al the suspended Al exceeded the dis-
solved (0. 003 1440 versus 0.001—0.120 . g/ml)

The U.S. Geologmal Survey has published
annual records of water quality- since 1941,
which are then published perlodlcally in vol-
mes. The latest,- published in 1970, covered
collect1ons of surface waters made from Octo-
ber 1, 1964, to September 30, 1965 (141). Al
content was not’ always determmed for the
reason that it is genérally present only in neg-
ligible’ quantmes Of the reported: values in
this source, only those of 1 yg/ml and h1gher are
included in Table 3.

In . geographic dlfferentxatlon of the trace
element’ content of some major streams of the
world, Durum and Haffty ( 142) found concen-
trations of most elements to range up to 0.100
pg/ml with medians of 0,010 ug/m)] or less:
Only ‘Al, Fe, Mn, Ba, -and Sr exceeded 0. 100
pg/ml. Gulf Coast rivers exceeded continental
values. for Al, Ba, Cu, Fe, Li, Rh and Ti, while
Ct,. Pb ‘and Sr were lower. Al and’ other ele-
ments in North. Americari runoff were of the
same’ order as.. the wor]d averages for ocean
waters. -

The "relationghip of the content of various
elements in surfaee waters to ‘that of rarnwater
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was also studied (143, I144). The values ob-
tained in surface waters were much greater
than in rainwater, leadiig to the assumption
that Al in streain water, the concentration of
which increases with stream discharge, is
wholly acqurred froin the soil (144). '
© As can be seen in Table 3, little information
on Al content in ground waters {including
springs or “mineral” waters) could be added
to the data tabulated in the earlier review.
Unfortunately, a survey- of 34 ground waters
i the Derbyshlre Dome for trace constltuents
could not be"séen it the or1g1nal (1 45)
" As'to the Al content of ocean waters, Arm-
strong (146) reported the water of the English
Channel to contain 0 008 Q. 107 (mean 0.037}
ug/ml in suspension.and that of the Eastern
Atlantie, 0.002—-0.049 (0 012) ng/ml

In seawater along the - Indlan coast 0. 027—
1. 200 ug Al/ml was found ( 147, 148) and in the
Black Sea, a ‘mean of 0.015 ‘ug/ml (86), while in
the Kuyal’ nik estuary, there was-0.780 ,ug/ml
(149) Atkinson {150) states: the source to be
primarlly ‘continental drainage. In the seawater

off the Southeést’ coast of the U.S. “(between

Chesapeake Bay and Cape’ Kennedy) he found
particulate Al concentrations to dverage from
0.0004—-0.07 ug/ml ‘These concentratlons were
generally lower by a factor of at least 10-fold
than the averages founid in several rivers drain®
ing into the shelf seawaters (0.411= -Q. 873ng/ml)
In the coastal waters of the Paclﬁc Northwest
particulate Al contents ranged from 0. to 1.54
g/ml { 151) * S

Water Pollutton. Man caused increases in
the Al content, and for that matter of other
metals in waters are attributable principally to
mining activities, especxally strip mining for’ coal
which caises low pH bécause of the high sulfate
levels (152—1 59) wrth resultlng toxunty to
aquatlc life (152). Al and some ‘other ‘metals,
however were reported to have returned-to
premining levels within certain periods of time
( 160) Interestmgly enough alumina-silica gels
were found to be most effectlve in seahng coal
refuse plles {161 ) Another source of pollutlon is
the exposure of geologlc formations. In New
Jersey, Toth (138) found that two tributaries to
the impoundment of Matawan Lake contributed
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_ Table3.

Concentrations of aliminum in waters?
Al . Al, .
’_“g/m! Reference ,u,g/ml . Reference
Rivers and Creeks
Afri(;a,‘lvory Coast i . United States {cont.}
Bandama R. 0.03-0.80b (745) District of Columbia, : . .
Potomac R. 0.79-0.99 (150)
Canada Florida, Apalachlcola R 0.07-2.55 {746)

British Columbia, Fraser R. 0.05-0.53 (746} Streams nr. Ona 0.00-1.00% (143)
‘Manitoba, Churchill R, 0.10—0.18 (746) Great Basin (W. desert .

‘NelsonR. . 0.08-0.66 (746) region, Ore., Nev., Utah,

N.W. Temitory, MacKenzie R. 0.44—1.41 (746} Calif.) (.00-0.03 ( 139)

Quebec, St. Lawrence R. (.19-1.05 (746) Great Lakes, w, Basm 0.00—-0.07 {139)

. Kentucky

France Beaver Cr. Basin, W. Fofk  0.00~0.400 (153)

Argens R, trib. Caramy, Coal mine drainage 0.00-85.01 (153)

Ribeirotte (bauxite regionj  0.06—0.07° (747} Big Sandy R. Basin, : .
. Russel Fork . 3.10¢ (141)
German Democratic Republic , Breathitt Co. watershed . ;
Elbe and Saale R. 0.16-0:90°. (748) Before coal mining 0.05~0.19 {160)
2—3 mo after mining 0.15~0.44>¢ (160)
]ndgnes]a . 1 yr aftei' mining‘ X ~0.02 (160)
Ranjipati R., 12 km trom Cumberland R. Basin, . N
Kava ljen Volcano 222,59b (749) Cane Br. 5.30-6.50¢ {141)
: ’ . Tradewater R., at Olney 0.10-21.0° {141)
South Africa Lake Erie Basin - 0.02-0.14 {139}
Orange R., Cape Province 0.04—3.6 {750) L0u151ana Atchafalaya R. 0.46—1.64 (746)
Mississippi R. nr. Baton
Unjon of Soviet Socialist Rouge 0.28—1.05 (746)
Republics ) Maryland, Patuxent R Basin  0.02—-0.62 (758)

Ayuta R., coal mine drainage 4,00—387.20>4 (159) Potomac R., N. Branch 1.70—6.208 (141)

Kingissepa region 0.008 (751) Susq_uéhanna R. 0.03-0.10 (746)

KumaR. 0.01—0.02 (752) Minnesota, Chippewa R. . ’

Kurile Islands, Yutieva R. ' . nr. Milan 0.20—2.90€ (141)

draining Ebeko Volcano 435.000 (753) Clearwater R. at Red . ’

Kuyal'nik estuary, saline 0.78 (149) Lake Falls 0.20—1.50* {141)

Pripyat R. trib. "0.01b (754) Minnesota R. Basin ,

Viliva R., Lithuania 0i00b * (755) at Montevideo 0.10—1.200 {141)

Volga R. and trib. 0.00—0.08 {756) Muississippi R. nr. ) o

Yura R., Lithuania 0,130 (755) Royalton 0.10-1.90» (141)
‘ Red Lake R. nr. . . .

United States Redlake 0.20—2.50¢ (141}

130 sampling points 0 00 2.76 (139) . Thief R. nr. Falls 0.40-2.10° (141)

Alabama, Mobile R. 0.08—0.82 (746} Mississippi R., Upper, )

Alaska Basin 0.00-0.02 (139) Basin , 0.00—0.13* (139)
Yukon R. 0.08 (746) Lower Southwest, Basin <0.01-0.59 (139)

Arizona, Colorade R. 0.Q1-0.15 (746) Missouri, Cedar Cr. nir, )

California, 165 samples <{.05-1.20. (757) Columbia 14.00-76:00¢ (141)
Agriculturél drainage < (0,200 80" (757) Little Chariton R. Basin 0.10-3.20% (141)
Domestic wastes <0.10-~0.38t (757) Rocky Branch, claypit
Foad processing plants ¢.50—2.204 {757} area . - 0.63% (163}

. i 14.00-50.004 (757) Missouri R. Basin 0.01-2.76 (139)
Metal, chemical plants <0.10~-<2.00d  (757) Montana, Yellowstone R.
Sacramento R. 0.06-1.11 (746) or. Qldney . 2.70 (139)
Suisun Bay, San Joaquin R. 200 (757 ) New Jersey

California R. Basin 0.01-0.23 (139) Big Flat Brook, acidic site 0.108 (138)

Colorade, California Gulch 0.00--11.60 (141} Big Flat Brook, cal-

Colorado R. Basin < 0.01-0.20 (13%) careous site 0.07‘ (138)
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Table 3. Concentrations of aluminum in waters® (cont.)
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Al Al,
pg/ml Reference ag/ml Reference
Rivers and Creeks (cont.)
United States {cont.) United States (cont.)
Passaic R. nr. Chatham (.02-1.10 (141) Virginia
Various streams 0.09-0.33¢ {138) Rappahannock R. at
New York, Hudson R. 0.23-0.78 (746) Fredricksburg 0.37—-0.50 (150)
North Atlantic Basin 0.00-0.14 (13%) Roanoke R., Roanoke area
North Carelina Landfill, upstream 0.17d.h (162)
Neuse R. 0.66 (150) Landfill, downstream 0.40% b (162}
Reoancke R. 0.40—0.81 (150) Meat packing plant,
Northeast Basin 0.00-0.15 {139) upstream 0.22d.h (162)
Ohio River Basin 0.01-0.14 (139) Meat packing plant,
Oregon, Columbia R. 0.08—0.24 (746) downstream 0.244: h (162}
Pacific Northwest Basin 0.00~0.18 (139) Qil industry, upstream 1.234.h (162)
Pennsylvania Railroad yards,
Kiskiminetas R. Basin upstream 0,794 h (162)
coal'mine area 0.00—-4630.006.d  (158) Railread yards,
Kiskiminetas R. at downstream 0.31-2.234- h (162)
Leechburg 15.00° (141) Sewage plants,
Monongahela R. at upstream 0.32-0.834.40 (152}
Pittsburgh 0.01-1.43 (139) Sewage plants,
Schuylkyll R. and downstream 0.35—1.304 % {162)
branches 0.20—4.80¢ (141) West Virginia, Abram Cr. 1.00—10.00¢ (141)
Susgquehanna R., W, Buckhannon R. at Hall 1,100 (141)
Branch 3.90~11.00¢ (141} Lyrich Run nr. Glenville 16.00—18.00¢ (141)
5t. Lawrence R. Basin, trib. Monongahela R, Basin,
to Lake Superior 0.00-1.3* (141) Roaring Cr. 3.30—-12.00¢ (141)
Southeast Basin 0.00—1.05 (139} West Fork R. at Enterprise 6.20—6.3¢ (i141)
Tennessee R, Basin 0.00-0.09 (139) Western Gulf Basin <0.01-0.92 (139)
Lakes, Ponds, Reservoirs
Hungary, Balaton Lake 0.01-0.03¢ (759) United States
California, Yosemite Park Miller
Lake 0.04 {761)
Uganda, Lake Victoria <000 (88} Florida
Lakes nr, Ona 0.00—1.08 (143}
Polk Cao., phosphate
Union of Soviet Socialist pit lake 0.03¢ d (164)
Republics Lake Frie, at Buffalo <0.01-0.07 (139)
Kurile Islands, velcanic Lake Michigan, at Gary 0.00—0.06 (139)
acid thermal lakes 2000.00-3000.000  (753) Lake Superior, at Duluth 0.00-0.03 (139)
(Otkaznen reservoir, Maine, Beddington, Chalk
industrial area 0.00-90.079 (752) Pond 0.03-0.49° {743)
Ryhin reservoir 0.10-1.30 (760) Missouri, Callaway Co.,
Staro-Beshev reservoir, coal mining area, lakes
industrial area 0.0014 (166) Acid, top to bottom
Tsimlyan reservoir 0.03 (166) means 212.00—426.004"  (158)
Veselov reservoir 0.01 (166) Alkaline 0,020,034 (156)
Volgograd reservoir, Clay pit area, farm pond 0.63-110.004 . (163)
industrial area 0.014 (167 New Jersey, Matawan Lake »2500-30.0048 (138}
Ground Waters, Springs, Wells
Bulgaria, saline ground wates 0.02—5.50 (762} New Zealand, Wairakei
drifl hole
[onic Al 0.01--0.03¢ (763)
Japan, Beppu boiling spring 0.01-0.43¢ (763) Taotal Al 0.02-0.06¢ (763)
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Table 3. Concentrations of aluminum in waters? {cont.)

Al, Al
pg/mi Reference pg/mi Reference
Ground Waters, Springs, Wells (cont.)
Union of Soviet Socialist United States (cont.)
Republics Casa Diablo, hot, cold
Azethaidzhan, Istis 0.59 {764) springs <0.20 (757}
Azerbaidzhan, Sharlanski 0.40 {764) Imperial Valley, thermal
Estonia, drill holes, wells 0.46~1.77b (765) brines <100.00 (757}
Otkaznen reservoir shores <(,02--0.02 (752) Oil Well brines <0.20 (757)
Nr. Salton Sea, springs,
wells <(.056~0.80 (757)
San Joaquin Valley, wells  <0.02-0.2 (757}
United States Kentucky, Beaver Cr.
Alabama, Marengo Co., Basin, coal mining area 0.00—102.00b (767)
wells G6® (766 Missouri 6.01-0.02b (55)
California Oregon, Santiam R. Basin,
Amboy salt well’ < (.05 (757} wells 0.00—0.02 (760}

a.
p 3pectroseopy, unless otherwise indicated.
 Method not stated.
4Colorimetry,
. Industrial pollution,
¢ Agricultural drainage.
Domestic wastes or sewage.
i Atomic absorption spectrophotometry.
. Neutron activation analysis.
Gravimetric method.

enough sulfuric acid, produced by the oxidation
of exposed iron sulfide, to result in a pH of 2.8 in
the lake with a soluble Al content of more than
26—30 ug/ml and Fe content of 15—25 ug/ml,
enough to kill almost all plant and animal life.
He cautions that the damming of a stream to
form an impoundment without checking the
composition of the tributaries may lead to
the creation of a sterile impoundment. In a
neutron activation analysis by Furr (162) of
eight elements in the waters of the Roanoke
River system upstream and downstream from
sewage treatment plants, railroad yards, land-
fills, meat packing plants, and an oil industry,
the changes occurring above and below the
suspected sources did not always show increases.
Sewage treatment plants were by far the most
significant contributors. Al concentration was
up 56.2% for one of them, compared with a 141%
increase in K and a 79.6% increase in Mg. A 96%
increase in Al was found at a landfill site and a
238% rise at a railroad yard. In a very recent
report, anomalously high concentrations of Al,
Be, Co, Cu, Mo, and Ni occurred in the soil,
plants and waters of an area adjacent to a
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claypit in Callaway County, Missouri, causing
metabolic imbalance similar to chronic
molybdenosis in beef cattle. The principal
sources of the increases were believed to be the
exposure of clay, shale, limestone, coal, and
pyrite, particularly the latter which, by weather-
ing, produced sulfuric acid, thus increasing the
solubility of certain compounds (163), On the
other hand, Al concentrations in a phosphate pit
lake, formed in phosphate strip mining, were
quite low {mean 0.03, highest 0.09 ug/ml at bot-
tom 2 m) or not detected (164).

In the Kazakh 8.S.R., it was proposed to use
the sludge from coal mining and metallurgic
wastes, containing numerous metallic elements
{Al and Fe contents from 1-3 x 10" to 1 x 10°
ug/e) as fertilizers for soils deficient in minerals
{165). Aside from the above, only few data could
be found for the Al content of surface water re-
ceiving wastes, or of the wastes themselves. Two
publications from the U.S.S.R. report “indus-
trial pollution” of reservoirs, but only 0.001 ug
Al/ml was found in settled waters (166,167). An
alumina content of 2.15—5.58% in wastes
(assumed to be liquid) from an alumina pilot
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plant in Kirovabad is also reported (168). In the
U.8., the effect of dumping solid aluminum
process wastes at one of three locations in the
Pacific Ocean 40 miles off the mouth of Colum-
bia River is under study (169).Table 3 includes
Al concentrations resulting from domestic and
industrial pollution.

The Al content in drinking waters (finished) is
discussed in a subsequent section.

Water Quality Criteria (Standards, Per-
misgible Concentrations): In a report
published by the U.S. Federal Water Pollution
Control Administration (170a) (now part of En-
vironmental Protection Agency), the Subcom-
mittee on Public Water Supplies provided for
permissible criteria toward the production of “a
safe, clear, potable, esthetically pleasing and
acceptable public water supply which meets the
limits of Drinking Water Standards” (171) after
treatment, as well as desirable criteria. The
latter are defined as “‘those characteristics and
concentrations of substances in the raw surface
waters which represent high quality water in all
respects for use as public water supplies.” Al ig
not listed among the metals for which criteria or
Drinking Water Standards had been set, for it is
not a health problem in these waters (139). It
may perhaps be considered as a component of
the mineral salts, the permissible limit of which
is 500 ug/ml of total dissolved solids (filterable
residue), and the desirable, less than 200 ug/ml,
or water hardness and pH.

The Federal Water Pollution Control Act, as
amended by the Water Quality Act of 1965,
authorized the States and the Federal Govern-
ment to establish water quality standards for in-
terstate (including coastal} waters by Jdune 30,
1967. On February 27, 1967, the Secretary of the
Interior established the first National Technical
Advisory Committee on Water Quality Criteria
consisting of subcommittees, in addition to the
ahbove, to develop criteria for four more general
use areas, including recreation and esthetics
(170). Al is included among the tentative trace
élemnent tolerances for the agricultural and
irrigation waters to the extent of 1 pg/ml for con-
tinuous use on all soils and 20 pg/ml for short-
term use on fine-textured soils only. Although
toxic effects on plants have been observed at 0.5
pg/ml, sandy soils could be expected to reduce
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the phytotoxicity of Al to some degree and
management practices could be used to avoid
marginal toxicity (see also below). For industrial
waters, tables showing quality of water used for
various processes list Al from 0.01 to 5.00 ug/ml
or “accepted as received,” as presenting no
problems at encountered concentrations. The
guality of raw surface waters for use in the food
and canning industry should be that of the
Criteria for Public Water Supplies. In respect to
fish and other aquatic life and wildlife, Al is
mentioned in connection with water hardness to
which Al and other metals contribute. However,
since they are present in relatively small
amounts, their role usuaily can be ignored. The
proposed criteria for water quality, reported in
October 1973 (1708), set the limit of Al for con-
tinuous irrigation at 5.0 ug/ml, with a maximum
acceptable concentration (MAC) of 20 ug/ml for
fine textured neutrzal to alkaline soils for a period
of not more than 20 yr. The MAC in livestock
drinking water is 5 ug/ml. In marine or estuary
waters, concentrations above 1.5 pg/m! are un-
acceptable on the basis of toxicity to the most
important sensitive species of agquatic life.

In an effort to halt water pollution from
primarily industrial sources, the Environmental
Protection Agency began issuing effluent
guidelines, the first group of which was dis-
tributed in 1972, including one for the aluminum
industry (172).

Neither in the International nor in the Euro-
pean Standards for Drinking Water (173, 174)
is Al listed among substances for which limits
are specified; it is only mentioned in tables of
recommended analytical methods; in this case,
colorimetry using aluminon or hematoxylin
solution.

In the U.8.8.R., several authors have recom-
mended maximum permissible concentrations
(MPC) for some compounds in water on the
basis of animal experiments. One concerned
AICl, the value being set at 4 ug/ml (or
0.5 ug Al/ml); that for AlF, was set at 2.2 g/ml
{or 1.5 ug F/ml ¢175). Another one was for
Al(NO,),, the limit of 0.1 ug/ml of the com-
pound being set on the basis of its taste
threshold concentration, although about 20 ug/
m! was ineffective during prolonged ingestion
by animals (176). The International Standards
for Drinking Water resulted from deliberations
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of an Expert Committee convened by the
WHO in 1971 which included the Deputy
Minister of Health of the U.S.S.R. Al is
not listed among the chemicals for which limits
were set in the above Standards nor in the
U.S.8.R. Maximum Permissible Concentrations
of Toxic Substances in Water for Sanitary-
Household Uses, approved in 1970, listing limits
for 294 substances (unpublished document).
Thus it appears doubtful that the above recom-
mendations for Al levels had been accepted.

Aluminum in Contact with Food, Pharma-
ceuticals, and Cosmetics

Before reviewing the growth of the applica-
tions of aluminum in food processing, it is well
to repeat that food in contact with any metal
(even stainless steel} (177) or any other surface
material will be affected by it to varying degrees
and, conversely, the food itself may affect the
metal or surface. In this connection, we must
bear in mind that food, be it of plant or animal
origin, is a composite of many chemical sub-
stances from the complex types of high molecu-
lar weight, such as proteins, to the ionic
forms of major and trace elements.

The withdrawal or leaching of some toxic
metals (principally Pb and Cd) from metal and
glazed earthenware food and beverage con-
tainers has long been recognized and remains
a current problem. As concerns aluminum, ex-
haustive tests conducted since around 1890,
when it became available through the Hall-
Heroult processes in adequate quantities, have
shown that negligible amounts of Al are dis-
solved by food. Also, its effect on the food is neg-
ligible, for most of its salts are colorless and,
in the concentrations in which they may oceur,
tasteless (in contrast to those of Fe and Cu)
{178) and have not been demonstrated to affect
the nutritive gualities of food. As was learned
earlier, the dissolution or “corrosion” of a metal
is" the chemical or electrochemical reaction in
the environment in which it is placed. In the
case of aluminum, its resistance to corrosion is
due to the formation of a protective film of the
oxide or hydroxide which, under certain condi-
tions, may be broken down. In this case also,
the products formed in the pH range from 4 to 9
are mainly Al oxides or their hydrates (i). The
conditions under which this may occur have
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been reviewed in depth by Juniere and Sigwalt
(178). To all practical purposes, this is of con-
cern to the chemical and food industries only.
The leachability of Al from ceramics made
from clays containing high amounts of Al,O,
has been apparently of no concern. Such clays
have been used before 5000 B.C., and in the
more recent years of space exploration. Al
oxides have been utilized in the development
of break-resistant tableware and cookware that
can be transferred straight from the refrigera-
tor to the oven (4). Alumina is also used in
the manufacture of glass and porcelain, as well
as in glazes for dinnerware. It was interesting
to note that higher additions of Al,O, to Pb
silicate base glazes reduce release of Pb in
acids (179). However, while glass had been
generally considered to be nonreactive to food
and water, two recent reports deal with the
leaching of Al,O, and Si0, from this material.
In the one, undesirable precipitates of mostly
8i0, and Al,Q, were visible in potassium and
dextrose mixtures for parenteral therapy, com-
mercially supplied in glass bottles made of
soda-lime material (180). In the other, Com-
plexon I (50 ml of 0.001M sclution) placed in
11 flasks, reagent bottles and medical glasses,
released 7—23 ug Al from all, and Ca and Zn
were found also in several containers (181).
These findings are, of course, extreme cases and,
unless further data become available, not ap-
plicable to table or heat-proof glassware,

Industrial Uses

Among the major applications (or markets) of
aluminum, that for containers and packaging
has shown the greatest growth since 1960. Of the
total shipment of 10,406 million pounds in 1971,
that for containers and packaging was 1514
million pounds and represented a 15.7% increase
from the 321 of a total of 4732 million pounds
shipped in 1960. Although, as shown by The
Aluminum Association statistics (8) for the
years 1967 through 1971, the total market for
cooking utensils decreased from the high of 168
million pounds in 1969, it showed a net gain of
24 million pounds since 1967 (121 and 145 mil-
lion pounds in 1967 and 1971, respectively).
Total household and institutional foil shipments
rose steadily in the past 5 yr from 141 to 210
million pounds, and those for metal cans, from
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410 to 905 million pounds. While the above fig-
ures do not represent exclusive use by food,
pharmaceutical and cosmetics manufacturers
whose products reach the consumer’s immediate
exposure, they do reflect increasing applications
of aluminum by these industries.

The suitability of aluminum in the processing
and packaging of foods and pharmaceuticals
has been under investigation since around 1890.
This has required, and still does, the combined
technical knowledge of the processors and of
those engaged in the fabrication of the metal and
its alloys. As pointed out earlier, the aluminum
industry had learned from experience that not
all alloys are satisfactory for use in the food and
chemical industries and that aluminum is not
suitable for all types of equipment or under all
conditions of service. This applies, of course, to
other metals as well, In the U.8., the limits of
contents of Si and metals (Fe, Cu, Mn, Mg, Cr,
Ni, Zn, Ti, and others) in the different alloys,
depending on their use, are specified in
Aluminum Standards and Data published by
The Aluminum Association (182). This Associa-
tion has also carefully recorded all experience to
the present time in the compatibility of
aluminum in contact with chemicals and foods
in its publication, Aluminum with Food and
Chemicals (183), the bulk of which is an
alphabetical listing of substances and food
products with brief digests of suitability and
special treatment of the surface by anodizing or
other type, as required.

In the U.S., wrought aluminum and its alloys
are designated by four-digit numbers, the first of
which indicates the alloy group, the last two the
purity, and the second, modifications of the
original alloy or impurity limits. Commercially
pure aluminum is alloy 1100 with a minimum of
99% Al and may reach a purity of 99.75% and
higher, The 1xxx series possesses excellent re-
sistance to corrosion and other properties to
make it suitable for numerous applications, in-
cluding cladding less pure alloys or other metals
(tinplate), although they are not used as such
where strength is required. The other resistant
alloys are the 3xxx, 5xxx, 6xxx, and the Cu-free
7x%x series which have been used successfully in
the chemical and food industries. According to
Juniere and Sigwalt (178) who evaluated the
suitability of aluminum in the same industries,
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particularly from the European point of view,
aluminum alloys of 99.5% purity are generally
used, and alloys of up te 99.99% (“‘superpurity™)
are available. However, here also, alloys with
lower purity, but with high resistance to corro-
sion, are recommended for these industries,

It is clear from the many applications of
aluminum in the food industries, enumerated
and described by these authors, that wider use
has been made in Europe than in the U.S. for all
processes, from handling the raw product
through processing to storage or packaging in
cans, collapsible tubes and foils as such or as
laminates with other materials. Through ex-
perience and knowledge of the physical and
chemical properties of the metal, there are
means of avoiding contact with metals of
different potential causing corrosion (especially
copper) as well as remedying the attach of very
aggressive products. The many applications in
the food and beverage industries and the
numerous reports of compatibility and com-
parative tests which have been published more
recently need not be discussed here individually.
In most of these, the resistance of aluminum to
corrosion has been found to be equal to or better
than that of other metals.

It appears that aluminum has been also used
more extensively for canning in the European
countries (because of postwar restrictions of
steel for tinplate, or unavailability) than in the
U.8. and Canada as observed by Gotsch et al. in
1958 (184) although interest in the U.S. has been’
increasing since 1950 because of expansion of
aluminum production facilities. Even so, the
authors found that the higher costs of aluminum
would be justified only when inside sulfide dis-
coloration or rusting during shipment or storage
were problems. More recently, as reported by
Farin and Reibsamen in 1969 (185), aluminum
shipments for container and packaging
applications have grown at an average rate of
25.7% annually since 1962, Aluminum beverage
cans and ends {particularly the easy-open lids)
have been the single most important factor of
this growth, although flexible packaging,
semirigid food containers, consumer foil, and
particularly convenience packaging, have con-
tributed considerably. It was then estimated
that in 1970 about 90% of all beer cans would
have easy-open aluminum ends. As can be readi-
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ly seen at present, many other canned products
(fruit juices, various drinks, fats, nuts, etc.} have
the same type of ends.

In regard to alcoholic beverages, the com-
patibility of aluminum with beer was recogniz-
ed early in the history of this metal, and has
been used extensively in the brewing processes.
It was interesting tc note, according to Hall
(186), that the use of aluminum ends on tinplate
can bodies reduces the content of Fe and Sn
which, if present in beer in quantities of even
fractions of 1 ug/ml, can affect adversely the
quality, flavor, astringency, foaming, and
storage life, while Al has considerably less effect
on these qualities. On the other hand, Ullmann
(187) found that beer stored in aluminum cans
for up to 1 yr at times contained 10—20 ug
Al/m], which did not alter the taste but caused
turbidity. He recommends lacquering of the in-
terior. In wineries, aluminum still finds only
limited use. If present in wine in concentrations
greater than 10 pg/ml, Al causes turbidity (also
caused by Fe at 11 pg/ml), and at high concen-
trations, flavor and odor are affected (188-190).
Eschnauer (191}, who studied this subject
carefully, found that aluminum is actually the
least aggressive of a number of metals and alloys
{Al, Zn, Fe, Ni, Sn, Pb, Cu, steel, brass, Monel);
even so, it is not suitable for equipment where
prolonged contact is required without special
treatment of the surface. He considers the use of
rolled anodized superpure Al 99.99R (Raffinal)
alloy [also recommended by Evenshtein for both
beer and wine (192, 193)] ideal for the brief
storage and transport of wine, must, and grapes.
Koch (189) found that an Al—-Mn alloy was more
resistant to corrosion than pure aluminum
(99.6%). However, he does not advise use of it for
storing fruit juices, because of the resulting high
Mn content. Although Al content up to 40
ug/ml was not detectable to taste and is not
considered harmful, he advises coating all
aluminum tanks. However, Shmeleva et al.
(194) found that even coatings do not prevent
contamination of wines and brandies.

That aluminum is used extensively by the
pharmaceutical and cosmetic industries is ob-
vious by the many chemicals listed by The
Aluminum Association {183) and Juniere and
Sigwalt (178) in respect to their compatibility
with aluminum. To mention a few more recent
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reports, expetience in Switzerland (195) showed
that aluminum tubes coated on the inside with a
synthetic lacquer used for various hydrophilic
ointments remained intact after 1'% yr storage
at room temperature, while tin tubes were cor-
roded. Similar results were obsérved in Poland
ih respect to anhydrous and hydrated ointment
bases containing palm oil (196). In
Czechoslovakia, aluminum foil was considered
to offer many advantages from the point of view
of stability, compared with other materials in
the packaging of pharmaceutical preparations
{197). .

Concerning aluminum aerosol cans for drugs
and cosmetics, sherwood (198) evaluated the
favorable characteristics and limitations, the
former being theéir good appearance, light
weight, and freedom from external rusting, and
the latter, strength, corrosion {external and in-
ternal), and economics. The relative cost of
aluminum versus tinplate has been the major
fimitation in the U.S. and Canada, since the
other factors can be readily overcome. In Italy,
aluminum has been used in 100% of aerosol dis-
pensers since 1957, in 70% in Switzerland, and
nearly 30% in Germany. The corrosion of
hairspray cans was attributed mainly to the
presence of colophony in the mixture (199). Ac-
tually, it appears that a large proportion of
metal containers, including those for food
products, be they tinplate or aluminum, are
treated on the inside in some manner. As dis-
cussed by Schniepp, organic chemicals {mainly
thermosetting, thermoplastic and elastomeric
resins) are used for enamel coatings, adhesives
and sealants. All of these materials are subject
to compliance with the U.S. FDA Food Addi-
tives Amendment of 1958 and subsequent
amendments (200).

Home Food Preparation and Storage

Never before has there been such an array of
cookware available to the homemaker as there is
today, particularly of that made of metals.
These encompass not only top-of-range and
ovenware, but also other kitchenware, both elec-
tric and nonelectric, as well as specialty wares
such as fondue pots. These come now in a varie-
ty of exterior finishes in the modern bold colors
to harmonize or contrast with the homemaker’s
color scheme,
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In answer to the many questions raised . by
homemakers as to the quahtles properties, and
uses of the various types of cooking utensils, the
Metal Cookware Manufacturers Association has
recently prepared a booklet (201) to provide the
consumer with the most” accurate information
possible, based on a careful evaluation of all
questions. Here it is pointéd out that the chief
requisite of a cooking utensil is its ability to
transfer heat qu1ckly and .evenly from the source
to the food. This is best met by metals. The
evaluations of the propérties of the metals, pre-
sent finishes and recommendations for use and
care, begin with aluminum, followed by stainless
steel, cast iron, copper, tin, and chromium-
plated steel. In regard to aluminum, its excellent
conductivity of heat is given as the reason for its
populanty Stamped or drawn aluminum uten-
sils come in different gauges or thicknesses
which determine their quality and durability;
the thickest utensils (0.125 in.) are cast
aluminum. There is a wide variety of finishes:
polished natural aluminum, colored porcelain
enamel or organic {(acrylic, polyimide, etc.)
coatings on the exterior and “‘sunray” and high
pohsh finishes or nonstick coatings on the in-
terior; the newest utensils have a hidden
porcelain coat under the nonstick finish. The
high heat conductivity of aluminum is utilized
dlso in the manufacture of stainless steel
cockware where it is combined to form the two-
ot three-ply and hottom-clad utensils, with
aluminum (or copper and carbon steel, also so
used) on the inside or outside, or as the core with
stainless steel on both inside and outside.

The classic early investigations which sub-
stantiated the suitability and safety of
aluminum for the processing and storage of food
and water in respect to migration of the metal
into the product (202-212) were carried out, so
far as could be determined, with plain, uncoated
aluminum, the quality of which may be
questioned. With all of the above more recent
developments, any migration of the base metal
to the food should be obviously reduced to a
minimum. In order to confirm the clearly ap-
parent popularity of utensils with the nonstick
¢oatings, information was sought from the
DuPont Company, manufacturer of the nonstick
fluorocarbon under the trade name Teflon, as to
the consumer demand for this type of utensil.
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The data (for the year ended March 3, 1972)
resulting from the complete marketing research
program of the company vielded the following:
half of the most frequently purchased frypans
and skillets were coated with Teflon; 73% of all
aluminum frypans and skillets were so coated; of
the total frypans and skillets purchased, 61%
were aluminum, 16% stainless steel, and the
remainder, cast iron, porcelain enamel, tin and
glass; aluminum represented 64% of all metal
cookware (this would include electrics and types
other than frypans and skillets}, 49% of which
were nonstick-coated (J.D. Lee, personal com-
munication, Aug. 1972). 7

That ill-founded notions, rumors, and
reported statements against- aluminum
cookware still persist is reflected by the reprin-
ting in the booklet by the Metal Cookware
Manufacturers Association of the FDA Fact
Sheet issued July 1971 (177), the substance of
which appeared in the periodical literature in
1972 (213). This Fact Sheet was prepared in
responsé to many inquiries sent to the Food and
Drug Administration in respect to the merits
and safety of different types of cooking utensils.
The FDA first states that it ““does not favor any
particular type of cooking utensil, nor does it
know of any commonly used material such as
aluminum, copper, glass, steel or tin which is
unsuitable for the types of food utensils in which
they are generally used.” The greater part of the
statement is devoted first to assurance of con-
sumers concerning the safety of nonstick
coatings. In this case, the release of F from the
coatmg was the concern Analyses for F content
in hamburgers cooked in newly coated and used
coated pans, in a heat-aged pan, and in a plain
aluminum pan showed substantially the same
amount of F in hamburgers cocked in the newly
coated and plain aluminum pans, and a slight
increase of I (but still well within safe limits) in
those cooked in the heat-aged and old pans.
Concerning the release of Al into food, the FDA
Fact Sheet closes with the following statement:
“Many scientific studies have determined that
the amount of aluminum ingested as a result of
preparing foods in aluminum cookware — even
when soda is used in the cooking — is so small as
to be of no significance in comparison with the
amount of aluminum consumed from other
sources,”’
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Remarkably, there have been apparently no
rumors against the use of aluminum foil for the
preparation or  storage of food, particularly
meats, cheeses, breads, cakes. The unavailabili-
ty of another economic metallic foil may be the
reason. As it is, there is probably no home in
which this foil is not so used nor in which it is not
found in the freezers holding, in addition to left-
overs, purchased convenience meals and other
products packaged by food manufacturers in
disposable semirigid aluminum containers, It
may be well to repeat here that in an appraisal of
the safety of féod packaging materials in 1955 by
the U.S. Food and Drug Administration,
aluminum foils, along with other aluminum con-
tainers, were said to be ideal (214).

Effects of Aluminum on the Nutritional and
Other Qualities of Food

Nutrient Loss: Any changes that may occur
in the nutrient content of food processed or
preserved in aluminum utensils or containers
were the subject of thorough investigations sub-
sequent to the unfounded allegations against
aluminum cookware arising from the contréver-
sy over the use of “alum” containing baking
powders — both based on commercial motives.
This aspect was reviewed in depth in 1957 (1),
with the conclusion that the processing and
packaging of foods in aluminum does not con-
tribute to the destruction of nutrients over and
above that caused by the handling of the food in
the home or in the food industry. Indeed,
aluminum has been found suitable for the syn-
thesis and storage of ascorbic acid, the most
labile of the vitamins, to which it is very resis-
tant (178, 183), Other vitamins and yeast are
aldo processed and handled in aluminum for the
same reason.

Probably the most complete treatise oh the
subject of nutrient loss in recent years is the
book edited by Harris and Von Loesecke,
Nutritional Evaluation of Food Processing,
published in 1960 and reprinted in 1971 (215). It
is pointed out that even bhefore processing,
nutrient loss occurs by trimming, peeling, chop-
ping, mincing, ete., as well as in storage. The
effect on the ascorbic acid content has heen
studied most frequently because it is the most
labile nutrient and is easily measured. Fewer

August 1974

studies concerned thiamine, riboflavin, niacin
and carotene, and very few the other vitamins,
amino acids and minerals. In addition to the
nutrient losses incurred in commercial food
processing, the book contains chapters on large
scale preparation (restaurants, caféterias) and
on home cooking (216, 217). The losses may vary
from zero to 98%, depending upen the vitamin;
for ascorbic acid, the range is 10—80%. The
variations in results on the same products, as
reported by different authors, are attributed
primarily to differences in conditions, such as
amounts of water added, duration and
temperature of cooking, holding cooked foods
before serving, and refrigerator storage. It was
alse observed that no significant differences
were noted when foods were cooked in enamel,
aluminum, glass, or stainless steel pans;
however, copper, brass, and Monel could be
rather destructive. Similar conclusions were
reached in respect to home preparation, both as
to nutrient loss and conditions of cooking and
type of utensils used. Since particularly
thiamine and ascorbic acid are sensitive to
alkali, addition of sodium bicarbonate and other
alkaline salts to preserve the color of green
vegetables and speed the cooking rate is not
recommended, (In this comnection, it may be
mentioned that according to earlier ex-
periments, cooking foods to which baking soda
had been added in aluminurm pans increased the
Al content of the food by only small amounts.)

The more recent periodical literature has
yielded relatively little on the subject. In large-
scale applications, aluminum milk cans (alloy
containing 1% Si, 0.7% Mg) have been in use in
Switzerland since the early thirties and in
England this use (of a correspending alloy) was
begun in the mid-fifties with excellent success.
This alloy was found to be unaffected by milk at
all temperatures, imparted no off-flavors as was
found with traces of Fe, and had little effect on
the vitamin content (218, 219}. As reviewed by
Bailey (218), in a series of tests with foods cook-
ed in glass, aluminum, and enamel, aluminum
was found to be superior to the other materials
as regards destruction of vitamin C. This was at-
tributed in part to the good thermal conductivi-
ty of this metal, which protected the vitamin
from further destruction. In some studies,
aluminum ranked second to enamel, ironware,
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or stainless steel in the preservation of nutrients
in vegetables or khod (a concentrated, un-
fermented milk used in India) (220-222).
Aluminum foil, either alone or with plastic
laminates as packaging material, was found to
be the most suitable for the preservation of
vitamin C and food dyes in powdered fruit juices
and other products (223; 224), and vitamin C
and anthocyanins in boysenberry puree (225).
Loss of - riboflavin in partially baked rolls
packaged in heat-sealing aluminum foil-wax
paper-wax upon storage was 2—3% compared to
60 and .35% in rolls wrapped in unprinted
cellophane and partially printed waxed paper,
respectively (226). In the Soviet Union, Evensh-
tein has compared the effects on ascorbic acid of
a superpure aluminum alloy (99.99%), of a
99.5% alloy (0.02% Cu, 0.3% Fe, 0.156% Si) and
another, “AMg M-5V” (5-6% Mg, 0.65% Mn,
0.25% Fe, 0.3% Si), with those of glass or
enameled ironware, both as plates immersed in
distilled water solutions of ascorbic acid boiled
for various periods and as casseroles of meat-
vegetable combinations kept for 2 hr at 60—80°C
after cooking. Vitamin C loss was about twice as
great from the alloys of lesser purity as from the
99.99% alloy, that from the latter closely ap-
proximating the loss from processing in glass or
enamelware (227, 228). He also found that
vegetable pigments (carotene and anthocyanins)
in red beets, carrots and cranberries were
destroyed almost completely by hoiling for 30
min in 99 5% aluminum pots, while decoloration
by 99.99% Al was no greater than by glass (229).
For these reasons, he advocates that superpure
aluminum cookware be used or that aluminum
alloy cookware be coated on the inside with
high-purity aluminum, attributing the effects
mainly to impurities (Mg, Fe) in the lower grade
alloys. In the light of the evaluation by Harris
and Von Loesecke and their collaborators (215-
217) of studies of nutrient losses performed
before the late fifties, with no mention of the
grade of aluminum or other utensils,
Evenshtein’s results and views may be
questioned—in any event, they are not convin-
cing. In the U.8., aluminum ware is made of the
1100 or the 3002 alloys, the first of which is the
commercially pure {minimum of 99% Al); the Al
content of 3003 is not given; only the limits of
other chemicals are specified in the Standards of
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The Aluminum Association (182). A study
worthy of mention in this connection was carried
out in Leipzig upon the request of a sports club
(230) to look into losses in vitamins A and C and
carotene of an oatmeal and oat-flake dish
prepared with egg yolk and a dextran prepara-
tion, lightly salted, and of a strong tea with
lemon and honey, with or without added
vitamin C, if kept in aluminum containers for 8
hr or through a day-long bicycle ride. The grade
of aluminum is not stated, but a fair proportion
of iron can be agsumed from the mention that
hoth Fe and Al were qualitatively determined;
these were considered to be without significance
physiologically and contributed no metallic
taste. The tea was kept in both new and used
containers without change in flavor or aroma,
The vitamin A content, including earotene, of
the catmeal dish did not diminish through the 8
hr in the three tests performed. The vitamin C
content of the tea with added vitamin suffered
an 11% loss and that of the tea without added
vitamin, a 24% loss. The author considers these
losses to be within the expected limits upon
prolonged storage, and for this reason he advises
the addition of 100 mg synthetic vitamin C per
0.7-liter flask in order to compensate for the loss.

There is no need to add to what has been
presented earlier and above concerning the use
by the food industry of aluminum foil in various
gauges of thickness both for sanitary reasons and
to protect the food from spoilage, and for preser-
vation of nutrients and flavor. The wide use of it,
either alone or as laminates with various plastics
and papers, is evident in food markets.

Sanitary Aspects: The finding that
aluminum is an excellent packaging material for
the preservation of food products led Caserio
(231) to investigate whether it had a
bacteriostatic effect. He chose fresh beef, two
lots of which were wrapped in Al foil of 0.01 mm
thickness and two in polyethylene sheets 0.025
mm thick after the load of superficial microbes
was determined. After 24 and 48 hr storage at
20—-22°C, meat wrapped in aluminum had a
substantially lower microbial load than the con-
trol on the surface and in the layers immediately
below it. He believes that-this is attributable to
contact with aluminum and not to a limitation
of oxygen, since the control samples were
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enveloped in a plastic of sufficient im-
permeability. The hypothesis that a portion of
the superficial germs might have adhered to
aluminum and thus been carried away, was dis-
missed by counts made for this purpose. The in-
crease in Al contents in the aluminum-protected
meat, 6.28 and 5.89 ug/g versus in the control
lots, 2.29 and 4.40ug/g, was considered unimpor-
tant. The author suggested that the control of
bacterial growth was due to the formation of
an Al-protein complex having a bacteriocidal
effect so as to preserve for a certain time period
the organolytic and bacteriologic quality of the
meat. This aspect was also tested by Evenshtein
by exposing either pure aluminum or alloy
plates, and plates of other metals (copper coins,
gold), aluminum (99.5%) and stainless steel
spoons, to various bacteria (dysentery,
Escherichia coli, 8-hemolytic streptococci) with
the result that aluminum, especially the 99.99%
grade, possessed greater bacteriostatic action
than the other metals (232—-235). From ex-
periments in which exposure was to bacteria in
water (233,234) the author concludes that con-
tainers of 99.99% Al may be used for the partial
disinfection of fresh water and its preservation
during transportation. He, with others (236,237)
also proposed adding aluminum hydrox-
ychloride at 6.9 ug Al/ml for the simultaneous
clarification and disinfection of naturally in-
fected river and pond waters for use during ex-
peditions, Regular consumption of water con-
taining this concentration was considered to be
safe. If was also suggested that the use of Al sul-
fate as coagulant in water supply treatment acts
as a disinfectant as well (238).

As favorable to aluminum as this may appear,
further investigation in this area is needed for
confirmation. In the preparation of the earlier
review, only four references on the sanitary
aspects could be located (239—242) one of which
was also by Caserio (239}, and one was un-
favorable to aluminum (241)}. The recent reports
issue from only two laboratories, one in Italy, the
other in the Soviet Union.

Use of Aluminum for Water Storage and
of Aluminum Compounds in the Treatment
of Drinking Water Supplies

The use of metallic aluminum for the storage
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of water was the subject of probably the first in-
quiry in 1891 into the safety of aluminum in
water and food processed or stored in aluminum
{21()). Not much more can be added to the
earlier review except that aluminum has a very
good resistance to most waters and even to some
considered very aggressive, such as those of high
sulfur content (178). Some industries, such as
the electric utilities, require a high-purity water
(low hardness, silica, dissolved gases). Tests
with welded aluminum tanks (3003 alloy), after
conditioning with pure water containing 1 ug/ml
ammonia, proved to be most satisfactory, while
in earlier experience steel tanks had been found
unsatisfactory for the storage of high-purity
water (243). In a 2200-hr test an all-aluminum
{3002 and 6061 Al alloys) light-weight, transpor-
table seawater still required by the military was
shown to be satisfactory after eliminating all
copper alloys from contact with feed water. The
Al content of the seawater was 0.05 ug/ml and of
the distilled water, 0.06 ug/m} (244).

Al compounds and certain Al-bearing
minerals represent the major coagulants com-
monly used in the treatment of drinking water
supplies. As reviewed by the American Water
Works Association (245), the common
coagulants are based on aluminum (Al sulfate,
ammonia, and potash Al, Na aluminate or baux-
ite), and on iron (ferric and ferrous sulfates,
chlorinated copperas, ferric chloride). Al sulfate
is by far the principal coagulant. Bentonite (a
clay) is used as a coagulating aid, and Al am-
monium sulfate, as dechlorinating agent. Na
aluminate is used sometimes for removal of fine
turbidity and/or color bodies in soft, low-pH
waters. As was earlier reported, in modern
purification practice, use of Al compounds as
coagulants results generally in the presence of
less rather than more Al in the drinking water
than in raw water. This is also shown in
Barnett’s figures (246) listed in Table 4,
although in some treatment plants, a higher Al
content was found in the finished water than in
the raw supply.

In the Soviet Union, the use of a bhasic Al
chloride (AL(OH),Cl) coagulant was proposed
as being competitive with Al sulfate in respect
to quality; the addition of corrosion inhibitor,
catanin, at 0.1 g/l, considered to be nontoxic,
was suggested {247).



Table 4. Concentrations of aluminum in drinking
water supplies.®

Al, Al
ME/ml Reference ug/mi Reference
Bulgaria United States (cont.}
Endemic kidney-disorder 0.057 (800} Georgia
regions . Americus 0.007 {469)
Control regions 0.053 (800} Douglas .016 (469)
Kaly New Hampshire
Pesaro-Urbino Province Franklin 0.013 (469)
High cancer region <0.,001° {801) Littleton 0.032 {469)
Low cancern region <0.001® {801) Milford 0.004 (469)
.Union of Soviet Socialist New York
Republics Avon 0.023 (469)
Bryansk, endemic uro- Caledonia 0.014 {469)
lithiasis region trace—0,023 (388) Canastota 0.024 (469)
United States Geneva 0,016 (469)
380 finished waters 0.003—1.600 (802 Lima 0.004 (469)
before and after passage North Carclina
through softener < 0,03 (802} Asheboro 0.047 {469)
Alabama, Eufaula 0.028 {469) South Carolina
Colorado, Denver area Dilion 0.060 (469)
Domestic taps 0,074—0.340 (246) Lake City 0.008 (469}
At treatment plants, raw 0.010-0.520 (246) Manning .01 {469}
At treatment plants, Vermont
finished 0,006—-0.260 (248) Montpelier 0.010 (469)
Florida St. Johnsbury 0.150 (469}
Bradenton 0.760 (469) Wisconsin
Kissimmee 0.009 (469) Madison 0.200 (257)

* Emission spectroscopy unless otherwise indicated,
Method not stated.

Use of Aluminum Compounds in the Manu-
facture of Foods and Drugs

Compounds of Al and Al-bearing minerals,
such as bentonite particularly, are used exten-
sively in the production of pesticides, of wine,
cider, and beer as clarifiers, of animal feed, and
as desiccants for the preservation of food (248).

Aside from these rather massive uses,
numerous compounds are used in the manufac-
ture of foods per se as additives or as substrata in

foods and drugs or other purpose in food ad-

ditives. Numerous patents and articles describe
such use. There seems to be no need to cite these
individually. Aside from the broad uses in
products reaching man directly, enumerated in
the introduction, the following, listed under the
FDA tolerances for compounds in the Handbook
of Food Additives (249) may be given as ex-
amples: alumina, as substratum for manufac-
ture of FD&C color lakes (tolerance, less than
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50%); Al ammonium sulfate, Al sulfate, Al Na
sulfate, as miscellaneous and/or general purpose
food additives; Al Ca silicate, in vanilia powder
and in vanilla-vanillin powder, and precipitated
hydrated Na silicoaluminate in salt and season-
ing up to 2%, in sugar up to 1%, in baking
powder up toe 5%; Al nicotinate, as source of
niaein in foods for special dietary use; Al oxide,
as dispersing agent in mixtures for food or drug
use containing Ti dioxide (up to 2%); Al
stearate, as a component of defoaming agents in
processing beet sugar and yeast {amount not to
exceed that reasonably required to inhibit
foaming); Na Al sulfate and K alum for optional
use as a bleaching agent in flour at not more
than 6 parts by weight, alone or in combination
with K alum, or Na Al suliate, respectively, Ca

-sulfate, ete. The Food Chemicals Codex, first

published in 1966 by the Food Protection Com-
mittee of the National Research Council, spells
out the specifications and limits of impurities,
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and test procedures of food additives, including
all of the above Al compounds (250,

The history of the controversy over the Al-
containing baking powder was described in the
earlier review, This use has long been sanctioned
by the Food and Drug Administration, and the
present opinion of this agency is expressed in the
Fact Sheet concerning aluminum cookware
(177): “Aluminum compounds have a number of
uses as direct food ingredients, as for example in
alum baking powders and in the use of alum in
pickles to keep them firm. These uses are
generally recognized as safe by scientists
qualified to evaluate the safety of food ad-
ditives,”

Aluminum in Human Food:

Because of the abundance of Al, its presence
in all foods, although in small amounts, may be
taken for granted. Until 1971, Al has been listed
among the nonessential elements (251),
although in 1915 Trillat (252) and in 1928 Smith
{253) stated it to be a normal ingredient of food
and present in living matter as an essential con-
stituent. Most recently it is being considered
seriously for inclusion among the growing
number of essential elements (254). This is
further discussed in relation to man and animals
in the next section. It is no doubt because of the
recent growing interest in “micronutrients’ that
Al has been included in a comparatively larger
number of chemical analyses of foods. On the
other hand, there are but few reports that con-
tribute to the question of the magnitudes of Al
that may be found in foods as a resuit of process-
ing or storing in aluminum. This can only be ex-
plained on the basis that there was no longer
need for such information because of the classic
investigations conducted principally from
around 1890 through the first third of this cen-
tury, followed by a few additional data reported
until the mid-fifties. Summarizing the results of
these earlier investigations, it was found that ex-
cept for a few isolated instances, the concen-
trations of Al in foods after being cooked in
aluminum fall well within the ranges of concen-
trations found in raw products. Moreover, those
that go beyond this range fall short of
physiologic significance (1.

The concentrations of Al reported for various
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food products in the more recent literature are
shown in Table 5. To permit direct comparisons
with the earlier tabulations, the reported con-
centrations have been converted to ug/g or ml
(or ppm). In some cases, it was difficult to
calculate results (essentially of the foreign
literature) which, more often than not, were
given as ‘“‘percent of ash,” and for this reason
have been excluded.

. Among the reports on the content of trace
elements in food products, the “total diet”
studies, and two partial diet studies, are of
special interest. Two of the former were made on
exact duplicates of foods (including beverages
and water), as consumed, to determine the daily
intake of nutrients and minerals. Tipton (255)
analyzed the content of 17 trace elements in the
diets of a man and his wife for 30 days. The Al
ingested daily by the wife amounted to 18 mg
and by the husband, 22 mg. White (256) carried
out her studies on duplicate samples collected
by 21 college women, seven of whom ate most of
their meals at home; the others ate in university
dormitories. The author collected three diet
composites, and 15 high school girls provided
duplicates of their daily meals, most of them at
home, except lunches which the majority had at
school. Fourteen elements were analyzed
simultaneously by using emission spectroscopy.
The range of Al intake by the college women was
Jess than 1.56—2.82 mg and that by the high
school girls, less than 1.53—33.3 mg. The author
noted that for the group of inorganic elements
that included Al, the amounts were so small in
most instances that absolute values were not ob-
tainable. Two additional studies may be con-
sidered as belonging to the ‘““duplicates”
category, Gormican (257) analyzed, in addition
to 128 food items, 16 representative hospital
menus for 14 inorganic elements, The Al values
for the individual items are included in Table 5.
In the menus, Al content ranged from less than
1.795—-9.006 mg/day in all but one, the
Giovannetti diet, which contained 634.5 mg Al
and a high Fe value (25.9 mg). These highs could
not be explained by the author, since individual
items included in the menu were not analyzed.
Murphy (258) determined, in addition to the
nutrients, nine trace elements contained in the
type A school lunches served in five geographic
regions (N.E,, S.E., M.W., S.W,, W.) under the
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Table 5. Concentrations of aluminum in foods and
heverages.®"

30

Al Al
pg/gorml Reference He/gor ml Reference
Plant Products
Cereals and cereal products Vegetables (cont.)

Barley Cooked in stainless steel 26.204d (485)
(Bur.) 5.00-6.70¢ (769) Beans, green 8.00°¢ { 266)
{Ger.) 60).00d.¢ (769) < 1), 10 (264)

Bran, flakes, 40" <2.00 (257) {Rur.) 5.60:¢ (76%)
Rye/wheat (Ger.) 156.00d.e (769) Frozen < 1.00 (257)
Wheat (Eur.) 10.00-13.00°¢ {769} Beans, lima, l)aby, frozen < 1.00 (257)

Bread, rve <2.00 (257) Beans. wax, canned. salt-

White, enriched 3.00 (257) {ree, drained 2.80 (257)
Whole wheat 5.40 (257) Beets (Eur.) 0.36° (769}

Cheerios 4,70 (257) ({USSR) 0.13 (772}

Corn Before cooking (USSR} 3.304 (229)
{Fur.) 0.4-0.5¢ (769) After cooking in 99.5 Al 9,564 (229)
(USSR) 16.00°¢ (770) After cooking in 99.99¢ Al 39688 (229)
Canned, salt-free, drained < 1.00 f257) After c()()king in glass 2.84d (229)
Flakes <2.00 (257} Canned. salt-free, drained <1.00 {257)
Yellow, sweet <0.50-3.10 (264) Leaves 56.00° (266)

Crackers Ruot 250,00 (266)
Graham <2.00 (257) Broceoli, frozen <1.00 (257)
Saltines <2.00 (257) Brussels sprouts, frozen <1.00 (257)

Cream of Wheat Cahbbage <0.10 (264)
Quick, enriched, uncooked 25,00 (257) <100 (257)
Regular 8.00 (257) (USSR) 0.02 (772)

Macaroni, uncooked <2.00 (257) Cooked (Czech.} 90 min

Nondles, egg, uncooked <2.00 (257) in Al 30.50d-ef (488}

Oatmeal Cooked in stainless steel 1.50d. (488)
Rolled {quick), uncocked <2.00 (257} Inner leaves (Eur.) 5.70¢ (769)
(Eur.) 500°¢ f769) Quter leaves (Eur.) 20 4)0¢ (769)

Oats (Fur)) 5.10°¢ (769) Sauerkraut soup (Czech.)

Oats (Ger.) 68.00d-e (769) boiled 30 min in Al 7.10def (488)

Porridges with milk (USSR) 0.02-0.06 (262} Sauerkraut soup, hoiled

Rice, cooked (USSR) 0.03-0.35 (262) in stainless steel 3.20d¢ 1488)
Krispies <z2.00 (257) Carrots 0.40—1.50 (264)
Puffed <2.00 (257) <1.00 (257)
White, uncooked <2.00 (257) {Eur.) 3.80¢ (769)

Rye {(Eur.) 4.80°¢ (769) (USSR) .03 (772)

Spaghetti, uncooked <2.00 (257) Before cooking (USSR} 2.454d {229)

Wheat After cooking in 99,5 Al 10.90%¢ (229)
(Eur.) 4,00—16.00° (769) After cooking in 99.99%

(Ger.) 17.00d. (769) Al 3,074 (229
(USSR) 42.00° (770} After cooking in glass 2,184 (229)
{USSR) 9.56-73.60° (771) Cooked (Czech,) 30 min
Fiour (Eur.) 0.90-10.00° {769) in Al 4007921 (488)
Flour, bleached, enriched <2.00 (257) Couked in stainless steel 273.90 ** (488)
(zerm (EUI‘.) 15006 r769) Caulitlower
Shredded <200 (257) Stems 21.00° {266)
Wheaties <2.00 (257) Head 4.00° (266)
Frozen <1.00 (257)
Vegetables Celery <1.0 (257)

Asparagus 1.70-9.00 (264) Leaves 70.00° {266)
Frozen <1.00 (257} Stems 31.00 (266)

Beans (Czech.) Celery, Pascal <0.10 (264)
Cooked 155 min in Al 34.70def (488) Corn, see Cereals
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Table 5. Concentrations of aluminum in foeds and

beverages®® {cont.)
Al Al
ue/gorml Reterence &g orml Reference
Plant Products (cont.)
Vegetables (cont.) Vegetables (cont.)
Corchorus Solanum nodiftorum
Edible species (Nigeria) 343 g0 %e (71 (Nigeria) - 854.00° (269)
Partly edible species Sorrel (USSR} 5.10-32.00 (774)
{Nigeria) 765009 (71) Spinach {Eur.) 6.90° (769)
Cucurmber <1.00 (257) Frozen, uncooked 22.00 (257)
4.00° (2686) Sqguash, frozen, cooked 340 {257}
(USSR 0.02 (772) Sweet potatves, canned <1.00 (257)
FEggplant (USSR) 0.01 (772) Tomatoes 0.20—1.10 (264}
Garlic, see Herbs <1.00 (257)
Kale, Bowen standard 45,0080 {47} 38.60% (266)
Leek (Eur.) 15.00° (769) (USSR 5.50 (775)
Lentils (Eur.} 1.50° (769) (USSR} <020 (772)
Lettuce <1.00 (257) Juice, canned (USSR) 3.72—4.98 (776)
{Eur.} 5.50° {769} Juice, salt-free <0.40 (257)
(Peru) 0.61¢ (773) Sauce (Czech.) cooked
Cooked 15 min in Al 15 min in Al 38.70def (488}
(Cgech,) 36604 (458) Sauce, cocked in stain-
Cooked in stainless steel 24 509¢ {488) less steel 31.70de (488)
Ieeberg 0.10-0.70 (264) Turnips (USSR) 0.02 (772)
Mushrooms (Nigeria} 1300.00d.e (72) Vegetable mixtures, canned
Stems and pieces. canned 4.00 {257) (USSR) 0.56~5.90 777
Onions <5.00-10.00 (263) Vegetable soup, strained
(Eur.) 43.00° (769) (USSR), probable con-
(USSR 0.32-0.76 (774) tact with Al 317" (962}
]()USSFH 8?(1) ggj)) Vernonie amygdaling
ry yellow . ioeri e y
Fresh, mature <1.00 (257) (Nigeria) 852,00 (269)
Green (USSRH) 0.03 (772) Fruits and berries
Parsley, see Herbs and Apples 0.20-0.87 (265}
spices <(1.50 (257)
Peas (USSR} 36.00° (77 (USSR} 2.22 (775)
Canned. salt-free, drained <1.00 (257) Core 1.10¢ (778)
Pepper, hot 3.00° (266} Dried, cored <1.20¢ (267)
Sweet 4,00 ° {266) Flesh 1.50°¢ (778}
{USSK} 0.03 (772} Juice, canned 0.80 (257)
Potatoes (Eur.) 20.,00° (769) Huice (USSR} 2.22-24 .00 (776)
(Ger.) 15.00%e (769} Peel 13.90¢ (778)
{Peru) 9.104 (773) Peel (Eur.) . BTC (769)
(USSR) 0.02 (772) Peeled <0,20-0.20 (265)
(USSR) 1.25-2.54 (774) Peeled (Eur.) 1.10° (769)
Fresh <1.00 (257) Sauce, canned, drained <0.50 (257)
Cooked, mashed, prob- Apricots 2.21 {265)
ably in Al {(USSR) 6420 (262) {USSR) 8.32 (775)
Instant <2.00 (257) Canned. drained <0.50 (257}
Peel (Eur.) 308.00° (769) Dried, halves 12.50° (267)
Pumpkin, canned 2.60 (257) Juice. canned (USSR} 6.349 (775)
Radish, root 180.00% (266) Avocados <0.20 (265)
Rhuharh Bananas <040 (265)
Field-grown 4.82 {265) <0.50 (257)
Haothouse-grown (.82 (265) Blackberries {dewberries} 3.92 (265)
Saolanum melungena “Riackberry’ mountain
(Nigeria) 3B.00°¢ (269) ash (UUSSR) 15.50—20.80 (774)
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Table 5. Concentrations of aluminum in foods and

s

) beverages *”  (cont.) _
CAL - o Al . -
/g ormi Reference : pgf g or ml Reference
- Plant Products (bori'c) ; v
Fruits and Berries (cont.) e o Frmts and Bemes (cont) . ,

Bluéberries " 2.40-2.68 (265) Nectarines 0.95-1.36 (265)
‘Water-pack, drained . 280 (257) Oranges . >

Cantaloupes <0.10-0.14 (265) Sections, with membrane £0.10 (265)

o <0.50 (257) Sections, without mem- ,

Cherries B o brane - - < (.40 (257}
{Bur.) - 35.00¢ (769) Juice, frozen, recon- : :
(USSR}.- 837 (775) stituted <0.40 {357)
Bihg, pitted- ‘<0.30 {265) Papayas <0.30 (265)
Juice,; with pulp, canned : Peaches ) —

(USSR)- . 3.37-10.10 (776) Cling, canned, drained <050 (257)
Royal Anne, canned, _ . Peeled <0.20 (265}
dralned <0.50 (257} Péars -, . L .
Sout, pitted <0.30 (265) . Canned, dramed £0.50 (257)

Cranberries <0.40 (265) Peeled - £0.15 {(265)
(USSR} 3.60—18.00 (774) _ Withpeel - - 1 &0.,30 (265)
Before cooking, (USSR) 2.014 (229} Persimmons (USSR) 0.72—1.10 (774)
Aftet cookmg 30 min I Pineapples . £0.30 (265)

in 99.50 Al' 7.554f (229) Crushed, canned, drained <0.50 (257)
After cooking i in 99 99% o . _Juice, canned £0.40 (257)
‘Al R «.'_’:.O(Z!’i'r (229} Plums | o :
After cogking in glass . 1.984 (229) With peel <0.30-0.49 (265

Currants, black (USSR) 11.00-70.00 (774) (USSR}, 3.49 (775)

Dates, dried, pitted 4,30¢ (267) Juice with pulp, canned 3.49-14.20 {776)

Dried fruit compote (USSR) . Prunes
With Sugar before cook . Cooked ] 6.20 (257)
" ing 3.80 (228) Dried, pitted 5.10° (267)
After cookmg 30 min : s Juice, canned _ £0.40 (257)
in 99.50% A1 27.901 {228) Quince, various varieties - o
After 2 hr on low heat 36.001 (228} (USSR} , 0.12-0.70 (268)

Figs*t * - Raw material before C
Dried 11.20* (267) processing 0. 21 =0.62 (268)
Kadota~ .. , 1.52 (265) Juice, processed in glass 0:04—024 (268)

Fruit Jelly (USSR) . Preserves trace~—0.07 (268)
probable contact thh Al 4.1af (262) -Stewed trace—0.08 (268)

Fruit juices commercxal in N ' Raisins - :
coritact, with Al (Ger.) 6.00—10.00¢ (189) Seeded Muscat 41.30° (267)

Grapefruit . * Seedless 17.90° (267)
Sections without mem- R o Raspberries_ . 3.91 (265) -

. brane £0.10 (265} Rhubarb see Vegetables s ‘
L <0.50 (257) Strawberries 0.56—2.42 (265)
Canned, drained <0.50 (257) Tangelos, sections with o e
Juice, canned . 0.40 (257) ‘membrane <0.10 (265)

Grapés. <0.50 (257} Tangerines, sections with
Juice (Ger.) 0.01-0.52 (779) . membrane 0.24 (265)
Juice, canned 1.10 (257) Watermelons <0.20 (265}
Seeded <0.30 (265) <050 - (257)

. Seedless 0.63 {265) o s

Honeydews 017 (265) Herbs and spices .

Lemons, juiced <0.10 (265) Allspice 61,00~ 101, 0 (263)

Limes, juiced <0.10 (265) - Basil 167.00—450.00 (263)

Mangoes, Haden <0.30 (265) Bay 142.00—730.00 (263)
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Table 5. Concentrations of aluminum in foods and

August 1974

l:na\a'er.ﬂgesa b {cont.) ~ ~
" AL Al
neig or ml Reference ug/gor ml Reference
Piant Products (cont.)
Herbs and Splces (cont 1 - Herbs and Splceb (cont

Cardamom 23.00—200.00 (263) " Tairagon leaves 175.00 412,00 (263)

Celery seed 200.00—730.00 (263) Thyme - >500.00-<1000.00 (263

Cinnamon 48.00-115.00 /263 Tufmeric 500:00-640.00 © (263)

Clove 81.00—160.00 1263 o s o

Coriander 27.00—36.00 {263) Nuts

Cumin 275.00-870.00  (263) Cedar, shelled, dry kernel :

Dill; tresh (USSR) 60.00—-70.00 (774) (USSR) 2.99- 698“‘ (780)

Diil seed 48.00—142.00 (263) Peanut butter, smooth <2.00 (957)

Dill weed 885()0—90:00 (263) Peanuts, blanched, salted <200 (257)

Dog rose (USSR 246540 (774) Pecains; unsalted <2.00 (257

Fennel 45.06—81.00 {263) Wainuts, unsalted <2.00 (257)

Garlic (USSR) 0.59-0.93 (774) ' C

<5.00— < 10.00 (263) Oils

Ginger 73.00-200.00 (263) Olive (Spain) 0.08-0.38 (781)

Maice 50.00—182:00 (263) S " .

Marjoram >500.00—-1000.00  (263) Sugars

Mustard <5.00—< 10,00 (263) Raw

Nutmeg <5 H0-11.00 (263) "Cuban 5.294 (782)

Onion, see Vegetables Formosan 1.484 (782)

Oregano > 500.00—T700.00 1263) . Washed

Paprika " 49.00-700.00  (263) "Cuban 2.274 (782)

Parsley 74.00—120.00 (263) Formosan 0.85¢ (782)

{Eur.) " 45.0° (769) Brown Jiquor : :
Peppeér . : : Cuban 0.63¢ (782)
- Black 48.00-237.00 (263) Formosan 0.854 (782)

Red 44.00—67.00 (263) Fine iiquor - :

White 25.00-51.00 (263) Cuban 0.229 (782)
Poppy seed 22.00-50.00 (263) Formosan 0.749 (782)
Rosemary 320.00-500.00  (263) Brown <2.00- (257)
Sage - 307.00-500.00  (263) Molasses {Ger. } 110,002 (769)
Savory 400.00—650.00 (263) Powdered . <200 (257)
Sesame seed 5.00-=<10.00 (263) White <2.00 (257

Animal Products
Dairy products Daxry produets (cont.) ’ .

Buttermilk 2.00 (257) Dried skim, bulk {Japan) 52.918 (784)

Chéese ' Dried whole, market . :
‘American 695.00°f (257) (Japan) _ 64.38¢ (784)
Cottage £2.00 (257) Market {Japan) BG.14% (784)
Swiss 19.00 (257) Nonfat solids 1'?00 (257)

Ice crear, vanilia 2.60 (257) Raw (Japan) 72.82-81.29°  (784)

Kefir Skim, enriched 2.00 (257)
With 5% sugar (USSR) 0.20 (262) Whole, enriched 2.00 (257)
With 5% sugar, 10% - ' ’

cottage cheese (USSR) 0.08 (262) Sherbet, orange 1.40 (257)

Milk (cow) T T Meats :

O (Ger) 0.704 (783) Beef, various cuts <1.00 (257)
{(Eur.) 0.10—0.20¢ (769) Wrapped'in Al, 24, 48 C
With added protein ' ‘ hrat 26°C {Italy) 6.28; 5864 (231)

(USSR’ .~ 0.03 (262) Whapied in plastic 2.29;4.40° (231}
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Table 5. Concentrations of aluminum in foods and

beverages®® ' (cont.)
- Al + A},
ug/gorml Reference ug/gor ml Reference
Animal Products (cont.)
Meats (cont.) Meat—vegetable combina- R
Steak (Eur.) 2.30—8 .40°¢ (769} tions {cont.)
Tenderloin 0.90—9.00 (785) Boiled in stainless steel 2.704= (488)
Hedrt (Eur.) 0.50¢ (769) Pork and beans, baked <1.00 (257)
Kidney (Eur.) 0.40—1.00¢ (769) Salt cod-potato soup ‘
Liver <2.00 (257) (USSR} "
" (Eur.) ‘1.20° (769) Before caoking 9.50" (228)
Powder {Canada) 0.28—0.43" (47) After cooking 30 min in

Cattle, Fulani (Nigeria) 73.00%¢ (786) 99.50% Al 65707 (228)
Heart 36.00d (786} 2 hr warming thereafter 85.40" (228)
Kidney 32.00de (786) Sausage-potato stew ’
Liver - 77.009¢ (786) . (USSR), probable con-

Tongue 87.00de {786} tact with Al 4.12f (262)

Goat (Nigeria) 68.00%° (787) -

Lamb <1.00 (257) Poultry
Brain (Eur.} 1.00°¢ (769) Chicken, roaster <1.00 (257)
Heart, (Eur.) 0.50-1.40° (765} Eges :

Kidney (Eur.} 0.40—1.00° (769) Whole 1.40 (257)
Liver (Eur.)’ 1.20—11.00°¢ (769) Whole (Eur.) 0.20°¢ (769)

Luncheon, bologna <1.00 (257) White <0.5 (257)

Pork = £1.00 (257) White (Eur.) 1.00° (7639;
(Nigeria) “58.00%¢ (787) Yolk <1.00 (257)
Bacon <2.00 (257) Yolk (Eur.) 0.50¢ (769)
Ham <1.00 {257) Turkey, roaster <1.00 (257)
Liver <2.00 (257)

Veal <1.00 (257} Fish and shellfish

Carp
Meat —vegetable combina- Autumn (USSR) 0.70 {788)

tions Sprin